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We  have  frequently  been  asked  by  artizans  and  students  to 
roommend  a  single  work  covering  the  whole  field  of  Electric 
L^hting.    Our  inability  to  comply  with  this  request  has  prompted 
Qs  to  endeavour  to  fill  such  a  palpable  gap  in  the  literature  of 
technical  science.      We  have  designed  this  book  to  cover  the 
extensive  syllabus  of  the  City  and  Guilds  of  London  Institute,  and 
have  so  enlarged  its  scope  as  to  make  it  embrace  the  requirements 
not  only  of  those  actually  employed  in  the  electric  lighting  indus- 
try, but  also  of  those  who,  while  having  little  or  no  electrical 
knowledge,  have  under  their  supervision  various  kinds  of  electrical 
machinery.     The  work  should  therefore  prove  of  service  to  such 
men  as  marine,  railway,  and  tramway  engineers,  naval  officers, 
municipal  officials,  and  managers  of  mines  and  factories. 
\       We  recognise  to  the  full  the  fact  that,  as  a  rule,  the  most  sue- 
JR  cessfiil  electrical  engineers  are  evolved  from  good  mechanical 
engineers,  and  have  striven  to  give  our  readers,  even  though  they 
^    may  possess  no  previous  electrical  knowledge,  a  clear  insight  into 
'     the  purely  scientific  as  well  as  the  practical  part  of  the  subject 
\    Every  efibrt  has,  however,  been  made  to  embrace  only  the  essen- 
f\    tial  branches  of  the  pure  science,  omitting  those  which,  while 
interesting  and  serviceable  in  other  fields,  are  not  required  in 
electric  lighting  or  the  electrical  transmission  of  power.    It  is  hoped 
I    also  that  we  have  succeeded  in  the  difficult  task  of  explaining 
»     the  subject  clearly  and  in  simple  language.    The  close  connection 
^    between  the  three  kinds  of  electrical  phenomena,  static  or  fric- 
tional,  dynamic  or  current,  and  magnetic,  has  been    carefully 
explained  and  made  to  follow  naturally.     It  is  believed  that  the 
^  that  magnetism  is  primarily  but  a  consequence  of  dynamic 
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electricity,  or  the  more  or  less  permanent  effect  on  certain  sub- 
stances of  an  electrical  disturbance,  instead  of  being  a  separate 
and  distinct  series  of  phenomena,  has  not  hitherto  been  so  plainly 
and  unhesitatingly  expressed.  It  is  our  firm  conviction  that  in 
the  near  future,  this  view  of  the  question  is  the  one  which  will  be 
universally  adopted.  The  conception  of  *  lines  of  force '  is  one  of 
great  value  to  the  student,  and  he  will  find  them  here  reasoned 
about  as  having  a  tangible  existence.  It  would  be  impossible  to 
describe  every  piece  of  apparatus  or  machinery  in  actual  use,  and 
we  have  selected  those  which,  while  having  proved  in  practice  to 
be  among  the  best  in  their  respective  classes,  also  serve  to  illus- 
trate in  the  readiest  manner  the  laws  and  principles  involved. 
In  a  few  cases,  however,  the  apparatus  can  scarcely  be  said  to 
have  been  successfully  applied,  but  they  have  been  introduced  as 
indicating  the  highest  present  developments  in  directions  in 
which  success  will  probably  be  attained. 

Although  primary  batteries  are  not  used  to  any  great  extent 
in  electric  lighting,  except  for  testing  and  other  similar  operations, 
yet  a  considerable  amount  of  space  has  been  devoted  to  them, 
and  to  the  experiments  which  can  readily  be  performed  by  their 
aid,  because  long  experience  has  taught  us  that  they  afford  in  the 
readiest  way  a  clear  insfght  into  the  fundamental  principles  of 
the  science  and  the  various  laws  so  far  discovered. 

An  unusually  large  number  of  the  explanations  have  been 
based  upon  Ohm's  law  and  its  consequences.  Mathematical 
formulae  and  explanations  have,  where  possible,  been  avoided ; 
where  they  do  occur  they  are  invariably  simple,  and  are  gene- 
rally accompanied  by  arithmetical  examples.  As  they  merely  sup- 
plement the  ordinary  explanations,  they  can  usually  be  ignored 
without  the  meaning  being  missed;  but  those  able  to  solve  a 
simple  equation  will  find  very  little  indeed  which  cannot  easily 

be  followed. 

W.  S. 
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CHAPTER  I. 

CURRENT — POTENTIAL — CONDUCTORS — INSULATORS. 

When  a  stick  of  sealing-wax  is  rubbed  with  a  piece  of  dry  fur  or 
flaxmel,  the  wax  acquires  the  power  of  attracting  to  itself  any  light 
sabstances  that  may  be  in  its  vicinity.  By  taking  suitable  precau- 
tions a  like  power  can  be  detected  in  the  fur  or  flannel.  Similar 
phenomena  can  also  be  produced  by  the  rubbing  together  of 
other  substances,  such  as  glass  and  silk,  india-rubber  and  silk, 
brown  paper  and  a  bristle  clothes-brush,  &:c.  A  body  which 
exhibits  this  power  of  attraction  is  said  to  be  endowed  or  charged 
with  electricity,  or  to  be  electrified. 

But  there  are  two  electrical  states,  and  this  can  be  easily  proved, 
for  if  by  means  of  a  foot  or  so  of  silk  ribbon  we  suspend  the  elec- 
trified sealing-wax  and  bring  near  it  another  electrified  stick  of  seal- 
ing-wax, repulsion  ensues,  that  is  to  say,  the  suspended  rod  recedes 
from  the  approaching  one.    On  the  other  hand,  if  certain  neces- 
sary precautions  have  been  taken  to  prevent  the  neutralisation  or 
escape  of  the  electricity  that  was  generated  on  the  fur  or  flannel 
rubber,  it  will  be  seen,  on  bringing  it  near  the  suspended  sealing- 
wax,  that  attraction  takes  place.    A  similar  result  would  follow  if 
a  warm  glass  rod  were  rubbed  with  a  piece  of  dry  silk  and  then 
brought  near  the  sealing-wax.     On   suspending,   however,    the 
electrified  glass  and  bringing  the  electrified  fur  near  it,  repulsion 
vould  take  place.    It  is  manifest,  then,  that  as  electrified  glass 
attracts  electrified  sealing-wax,  but  is  repelled  by  or  repels  electri- 

B 


2  Electrical  Engineering  chap.  i. 

fied  fur,  there  are  two  electrical  states,  one  on  the  sealing-wax, 
which  is  called  negative,  and  the  other  on  the  fur,  which  is 
called  positive.  It  is  also  clear  that  bodies  similarly  electri- 
fied are  mutually  repellent,  while  bodies  dissimilarly  electrified 
are  mutually  attractive.  This  matter  will  again  be  referred  to, 
but  the  point  to  which  especial  attention  is  now  directed  is  that 
the  amount  of  electricity  developed  by  rubbing  the  two  bodies — 
say  the  sealing-wax  and  the  fur — together  bears  no  direct  relation 
to  the  amount  of  actual  fiiction  to  which  the  bodies  are.  subjected, 
for  what  is  really  essential  in  order  to  obtain  the  highest  possible 
degree  of  electrification  is  to  bring  every  portion  of  the  one  surface 
into  intimate  contact  with  every  superficial  particle  of  the  other, 
and  when  that  is  done,  no  extra  amount  of  rubbing  can  develop 
any  further  degree  of  electrification. 

Speaking  generally,  then,  it  may  be  said  that  when  any  two 
bodies  are  rubbed  together  electricity  is  produced,  although  it 
frequently  happens  that  the  amount  is  so  small  as  to  render  its 
detection  very  difficult  If,  however,  delicate  apparatus,  which  we 
will  not  pause  here  to  describe,  is  employed,  very  feeble  charges 
can  be  indicated.  In  fact,  if  a  piece  of  zinc  and  a  piece  of 
copper  are  simply  placed  in  contact  the  feeble  charge  of  elec- 
tricity then  developed  can  easily  be  rendered  evident  If  the 
same  pieces  of  metal  are  placed  in  saline  or  acidulated  water,  a 
similar  result  follows,  although  in  this  case  the  water  itself  becomes 
an  important  factor  in  determining  the  resultant  electrification. 
The  end  of  the  zinc  outside  the  liquid  will  be  found  to  possess 
properties  similar  to  those  of  the  sealing-wax  after  it  has  been 
rubbed  with  fur.  It  is,  therefore,  said  to  be  negatively  electrified. 
The  copper,  on  the  other  hand,  will  have  an  electrical  state  similar 
to  that  of  the  fur  itself,  or  of  the  glass  which  has  been  rubbed 
with  silk,  and  it  is  therefore  said  to  be  positively  electrified. 

It  follows  that  whether  the  electricity  is  the  result  of  so-called 
friction  or  whether  it  is  a  consequence  of  the  simple  contact  of 
two  dissimilar  bodies,  it  is  with  precisely  the  same  kind  of  force 
that  we  have  to  deal,  and  the  old  distinction  between  *  frictional ' 
and  *  galvanic '  electricity,  which  used  to  be  urged  with  consider- 
able persistence,  is  virtually  a  myth.  The  quantity  of  electricity 
may  vary,  and  we  may  view  it  in  its  two  phases,  positive  and 
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Of  fil!^\^  ^''''^?^^'^  ^  ^  S^"^^  ^^^^  ^^<^  ^^^^  the  same  kind 
^^tS^l^^'"'''^'*  "^"^^  '^^  P^^"^  ^^  ^^i^S'  but  to  a  different 
XlZ  t\  """^  ^'^  ^'  compared  with  the  other,  there  is  a 
un  versal  tendency  to  equalise  the  distribution  of  the  force-that 

Jl^l'T  f '"'^"''^  equilibrium,  and  this   equilibrium  will  be 
«^W«hed  when   the  conditions  become  such  as  to  render  it 
P^iWe    Revertmg  again  to  the  zinc  and  copper  plates  partly 
^ened  m  water,  the  exposed  ends  will  be  electrified  to  dif- 
laent  degrees.     There  will  be  a  tendency  to  produce  equilibrium, 
or,  as  It  IS  more  generally  called,   neutralisation.     This  will  be 
accomplished  if  the  necessary  facilities  are  afforded,  and   until 
tftis  is  done  the  mtervening  space  will  be  subjected  to  what  may 
oe  called  an  electrical  stress.     It  is  found  by  experiment  that  a 
piece  of  metal  affords  the  readiest  means  of  relieving  the  strain 
oue  to  this  stress,  thus  facilitating  neutralisation,  for  on  joining 
the  two  plates  together,  say  by  a  piece  of  copper  wire,  a  momen- 
te^  rush  of  electricity  from  the  one  to  the  other  will  take  place, 
i  his  phenomenon  is  that  which  is  generally  known  as  discharge, 
and  It  affects  the  whole  combination,  including  the  liquid  and  the 
metal  surfaces  in  contact  with  it. 

This  brief  spasmodic  flow  or  rush  of  electricity,  whose  function 
|t  IS  to  restore  the  electrical  equilibrium,  causes,  however,  a  series 
of  chemical  changes  to  take  place  in  the  liquid  itself,  among 
plher  things  a  portion  of  the  zinc  being  dissolved  and  converted 
into  what  is  called  a  salt  of  that  metal.  These  chemical  reactions 
cause  in  their  turn  a  fresh  electrical  difference  between  the  plates, 
^hich  is  followed  immediately  by  another  equilibriating  flow,  and 
that  by  a  further  difference,  and  so  on.  These  changes  follow 
one  another  in  exceedingly  rapid  succession,  so  rapid,  in  fact, 
^nat  it  is  a  matter  of  absolute  impossibility  to  distinguish  them 
^^Parately,  and  we  have  consequently  what  appears  to  us  as,  and 
^^t  is  known  as,  a  continuous  *  current '  of  electricity. 

A  little  reflection  will  make  it  evident  that  by  following  out 
*e  line  of  experiment  and  deductions  here  indicated,  the  so-called 
*^gle  and  double  fluid  theories  of  electricity  are  both  disregarded, 
not  simply  for  the  sake  of  disregarding  them,  but  because  they 
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are  unnecessary  and  involve  considerations  and  concessions 
which  are  not  warranted  by  the  circumstances.  In  point  of  fact, 
electricity  is  not  a  fluid  at  all,  and  only  in  a  few  of  its  attributes  is 
it  at  all  comparable  to  a  fluid. 

Let  us  rather  consider  electricity  to  be  a  condition  inta^hich 
material  substances  are  thrown,  and  that  all  such  substances 
partake  more  or  less  of  this  condition,  just  as  we  say  that  all  bodies 
are  heated,  although  to  varying  degrees,  and  that  in  virtue  of  this 
heat  their  particles  are  set  into  more  or  less  rapid  vibration. 

Moreover,  as  in  the  case  of  a  heated  body,  there  is  a  region 
surrounding  an  electrified  body  in  which  the  force  due  to  the 
tendency  to  produce  electrical  equilibrium  can  be  made  evident. 
This  is  shown  by  the  fact  already  referred  to  that  two  bodies  in  a 
similar  electrical  state  repel  one  another,  while  others  in  difierent 
electrical  states  attract.     It  is  inconceivable  that  such  an  eff*ect  as 
the  imparting  of  motion  to  a  mass  of  matter  could  be  produced 
without  the  aid  of  some  medium  capable  of  transmitting  the 
force.    What  this  medium  actually  is  is  a  matter  of  doubt,  and 
we  cannot  experimentally  determine  the  question.    So  also  is  the 
mode  or  method  of  transmission.     Under  such  circumstances  it 
becomes  convenient  to  picture  to  ourselves  the  propagation  by 
means  of  lines  of  force,  travelling  through  an  infinitely  elastic, 
imponderable  medium,  or  substance,  as  it  is  sometimes  called, 
which  is  assumed  to  pervade  all  matter  and  all  space,  and  which 
is  known  as  *  ether.'    Granted  that  these  lines  of  force  may  have 
no  actuul  existence,  the  conception  is,  nevertheless,  exceedingly 
useful,  and  facilitates  an  accurate  estimation  of  the  way  in  which 
electrical  phenomena  are  set  up,  so  much  so,  that  the  idea  im^ 
perceptibly  grows  upon  the  student,  and  to  him  the  lines  of  force 
become  endowed  with  a  definite  meaning. 

There  are  three  features  about  these  lines  of  force  to  which 
we  may  now  draw  attention.  In  the  first  place,  their  assumed 
position  indicates  the  path  along  which  the  action  takes  place  ; 
secondly,  their  direction  indicates  the  direction  in  which  the  force 
is  transmitted  ;  and,  thirdly,  their  density,  or  the  number  occupying 
a  given  space,  measures  the  strength  or  magnitude  of  the  force. 
Having  given  to  these  lines  of  force  position,  direction,  and 
density,  we  can  predict  the  result  which  should  follow  in  any 
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given  electrical  field.  For  the  action  is  always  as  if  the  lines  of 
force  endeavour  to  coincide  in  direction,  and  then  to  shorten 
themselves,  the  magnitude  of  the  action  being  simply  dependent 
upon  the  dertsity  of  the  lines. 

In  the  case  "of  an  electrified  sphere  suspended  somewhere 
in  space  and  remote  firom  every  disturbing  element,  the  lines  of 
force  would  be  radial  and  equidistant  in  position,  their  density 
would  depend  upon  the  degree  of  the  electrification  or  the  quantity 
of  the  charge,  while  their  direction,  that  is,  radially  inwards  or 
radially  outwards,  would  depend  upon  whether  the  charge  were 
negative  or  positive. 

Let  us  assume  a  positively  charged  sphere  to  be  suspended, 
with  its  lines  of  force  directed  outwards,  and  a  second  sphere, 
negatively  charged,  with  its  inwardly  directed  lines  of  force,  to  be 
brought  into  the  vicinity  of  the  first  sphere  ;  it  will  be  evident  that 
many  of  the  lines  of  force  of  the  two  spheres  will  bend  or  turn 
round  and  concentrate  themselves  within  the  space  intervening 
between  the  spheres.  The  lines  of  force  will  now  be  similar  in 
direction,  and,  owing  to  the  shortening  tendency  above  referred 
to,  attraction  results. 

The  attraction,  presuming  it  to  be  sufficiently  strong,  will 
impart  motion  to  one  or  both  of  the  spheres,  or,  in  other  words, 
work  will  be  performed.  Now  this  capacity  for  doing  work  arises 
solely  ft-om  the  electrification,  and  the  quantity  of  work  performed 
is  proportional  to  the  degree  of  electrification.  But  *  capacity  for 
doing  work '  and  *  potential '  are  convertible  terms — that  is  to  say, 
anything  which  possesses  the  capacity  for  doing  work  is  said  to 
have  a  certain  potential,  consequently  the  degree  of  electrification 
of  any  body  is  known  as  its  potential.  We  have  previously  said 
that  the  tendency  to  produce,  between  two  electrified  points  or 
bodies,  a  state  of  electrical  equilibrium,  is  proportional  to  the 
difierence  of  their  degrees  of  electrification.  In  technical  lan- 
guage this  means  proportional  to  their  difference  of  electrical 
potentials.  Therefore,  in  the  case  of  the  zinc  and  copper  plates 
immersed  in  acidulated  water,  the  flow  of  electricity  from  the 
ocposed  end  of  the  copper  to  the  exposed  end  of  the  zinc  is 
correctly  described  as  being  due  to  a  difference  of  potential 
between  those  ends. 
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If  the  student  has  grasped  what  has  already  been  said,  he  will 
be  able  to  readily  apply  the  doctrine  of  potential  to  special  cases ; 
for  example,  it  will  be  evident  that  no  two  parts  of  the  same  body 
(providing  it  is  one  that  can  transmit  or  propagate  the  flow  of 
electricity)  can  remain  for  any  length  of  time  at  different  poten- 
tials, for  the  moment  a  difference  of  potential  is  established  an 
electrical  stress  is  set  up,  and  the  flow  of  electricity  follows  as  a 
necessary  or  natural  consequence.  On  the  other  hand,  where 
there  is  no  difference  of  potential  there  can  be  no  flow  of  elec- 
tricity. So  that  we  come  to  these  conclusions — viz.  that  electricity 
always  flows  between  two  bodies  which  are  at  different  poten- 
tials ;  that  it  flows  from  the  body  possessing  the  higher  to  that 
possessing  the  lower  potential ;  that  in  the  case  of  the  *  current ' 
maintained  by  the  *  simple  cell,'  composed  of  zinc  and  copper 
plates  dipping  into  acidulated  water  and  described  in  a  previous 
page,  we  had  a  difference  of  potential  established  on  the  zinc  and 
copper  extremities ;  that  on  joining  these  extremities  together  there 
was  a  flow  of  electricity  to  produce  equilibrium ;  that  this,  by 
means  of  the  chemical  changes,  re-established  a  potential  differ- 
ence ;  and  that  these  actions  and  reactions,  being  alternated  with 
infinite  rapidity,  appear  to  us  as  a  continuous  current 

We  may,  therefore,  deflne  a  *  current '  as  the  expression  of  an 
effort  ever  being  made  to  establish  electrical  equilibrium  between 
two  points  which  are  ever  being  electrified  to  different  potentials. 
Neither  of  these  objects  is  attained — that  is  to  say,  a  difference  of 
potential  is  never  permanently  established  on  the  one  hand,  and, 
on  the  other,  equilibrium  it  is  impossible  to  maintain. 

I^t  us  further  consider  the  case  of  the  simple  cell,  the  zinc 
and  copper  of  which,  however,  instead  of  being  joined  together, 
are  each  connected  to  long  pieces  of  wire,  whose  other  or  free 
extremities  are  inserted  in  the  earth  at  different  places.  It  used 
to  be  the  general  assumption  that  in  this  case  the  current  would 
flow  from  the  copper  plate  to  the  earth,  and  through  the  earth  to 
the  other  wire,  up  which  it  would  pass  and  so  return  by  the  zinc 
to  the  battery.  But  anything  more  unreasonable  than  such  an 
hypothesis  it  is  really  impossible  to  conceive.  To  demonstrate 
this  we  need  only  take  into  consideration  the  state  of  affairs  at 
the  Central  Telegraph  Oflice  in  London,  where  there  are  i,ooo 
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different  circuits  or  lines,  one  end  of  each  battery  being  joined  to 
the  same  earth  plate  under  the  office,  the  other  ends  being  joined 
to  the  respective  lines,  which  in  their  turn  are  joined  to  earth 
plates  at  the  distant  ends.    Viewed  in  its  real  aspect,  this  *  earth- 
return  *  theory  compels  the  assumption  that  the  i,ooo  currents 
which  go  to  earth  at  as  many  different  places — some  at  Newcastle, 
some  at  Liverpool,  others  at  Cardiff,  Yarmouth,  &c.,  others,  again, 
only  a  few  hundred  yards  away  in  several  of  the  City  thorough- 
feres—all  return  through  the  earth  to  the  earth  plate  or  connection 
under  the  Central  Office,  where  each  individual  current  has  to 
pass  the  other  999  currents  travelling  through  the  plate,  and  single 
out  the  particular  wire  joined  to  the  particular  battery  from  the 
other  end  of  which  it  emanated,  and  is  not  satisfied  or  has  not 
completed  its  work  until  it  thus  gets  safely  home  again.     It  will 
readily  be  seen  that,  if  such  were  actually  the  state  of  affairs,  the 
laws  above  stated,  that  electricity  only  flows  under  a  difference  of 
potential  and  always  flows  when  there  is  that  difference,  would  be 
nullified. 

Like  everything  else  in  the  universe,  the  earth  itself  is  always 
more  or  less  electrified,  and,  as  a  consequence,  it  is  always  at  a 
certain  potential.  It  will  therefore  be  seen  that,  were  a  body 
which  had  been  electrified  to  a  higher  potential  than  the  earth  to 
be  connected  with  the  earth,  a  flow  of  electricity  would  take  place 
passing  from  that  body  to  the  earth,  so  that  both  the  body  and 
earth  assume  the  same  potential,  and  it  may  be  mentioned  that 
the  passage  of  this  flow  could  be  easily  observed  by  the  introduc- 
tion of  certain  apparatus.  On  the  other  hand,  were  a  body  to  be 
electrified  to  a  potential  lower  than  that  of  the  earth  and  to  be 
connected  with  it,  a  flow  of  electricity  would  be  determined 
between  the  earth  and  the  body,  and  the  passage  of  this  electricity 
could  also  be  rendered  evident.  Consequently,  when  copper  and 
zinc  strips  are  immersed  in  acidulated  water  and  the  exposed 
ends  become  electrified,  the  one  to  a  higher  and  the  other  to  a 
lower  potential  than  the  earth,  the  connection  of  thos^  extremities 
with  the  earth  causes  a  flow  of  electricity  from  the  plate  of  higher 
potential  to  the  earth,  and  from  the  earth  to  the  plate  of  lower 
potential.  These  flows  will  be  equivalent  to  joining  the  plates 
directly  together  and  so  releasing  the  electrical  stress. 
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Thus  is  it  with  every  battery :  the  potential  of  the  earth  is 
above  that  of  one  end  of  the  battery  and  below  that  of  the  other 
end.  There  is  then  no  need  for  a  current  to  flow  between  the 
two  earth-connections,  and  the  assumption  of  such  a  state  of 
affairs  is  quite  gratuitous.  It  must  not,  however,  be  supposed 
that  the  flow  of  electricity  from  or  to  the  earth  can  sensibly  affect 
its  charge  or  potential,  the  terrestrial  charge  as  a  whole  being  so 
enormous  as  to  make  any  other  charge  or  potential  incomparably 
feeble  and  insignificant.  To  make  this  clearer  we  will  employ  an 
analogy.  Let  us  suppose  that  we  have  two  tanks  containing 
water,  the  bottom  of  one  being  placed  ten  feet  above  the  level  of 
the  ocean,  and  the  other,  which  we  will  suppose  to  be  very  deep, 
immersed  until  the  surface  of  the  contained  water  is  ten  feet  below 
the  ocean  level.  If  now  we  suppose  holes  to  be  made  in  the 
bottoms  of  the  tanks,  all  the  water  will  flow  out  of  the  higher 
tank  into  the  sea  below,  while  water  will  flow  up  into  the  lower 
one  until  the  ocean  level  is  reached.  But  of  course  no  one 
would  contend  that  these  changes  would  make  any  difference  in 
the  level  of  the  surrounding  waters,  even  if  more  water  were 
received  from  the  higher  tank  than  was  given  to  the  lower,  and 
what  is  true  in  this  case  is  equally  true  in  the  case  of  electricity. 
In  fact,  the  earth  is  a  body  whose  capacity  for  electricity,  so  far 
as  we  are  concerned,  is  infinite,  and  nothing  that  we  can  do  can 
alter  its  charge.  The  man  who  would  assert  that  when  he  joins 
one  end  of  his  battery  to  earth,  say,  at  London,  and  the  other 
end  to  earth,  say,  at  Aberdeen,  and  that  in  consequence  a  current 
flows  through  the  earth  from  one  connection  to  the  other,  asserts, 
in  fact,  although  he  may  not  know  the  significance  of  his  conten- 
tion, that  he  places  these  two  points  in  London  and  Aberdeen 
at  different  electrical  potentials.  He  might  as  reasonably  con- 
tend that  if  he  turns  on  his  water-tap  into  the  Thames  at  London 
and  digs  a  hole  in  the  bank  of  the  river  at  Windsor,  he  sets  up  a 
difference  of  level  between  the  two  places,  and  causes  the  water 
which  he  pours  in  at  London  to  travel  up  against  the  stream  and 
fall  out  at  Windsor. 

We  come  now  to  a  real  difficulty — a  solution  of  which  is 
improbable,  although  it  is,  perhaps,  in  the  future  not  impossible — 
and  that  is,  to  be  able  to  say  with  certainty  in  which  direction  a 
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current  really  travels,  or,  in  other  words,  to  declare  which  of  two 
differently  electrified  bodies  has  the  higher,  and  which  the  lower 
potentiaL  All  we  can  say  with  any  certainty  is  that  there  is  a 
difference  of  potential,  and  that  therefore  the  current  flows  from 
the  point  of  higher  to  that  of  lower  potential.  It  is  usual  to 
assume,  in  the  present  incomplete  and  imperfect  state  of  our 
knowledge  concerning  the  nature  and  propagation  of  electricity, 
that  the  electric  state  which  we  know  as  positive  has  a  higher  poten- 
tial than  that  state  which  we  know  as  negative,  whence  we  say,  or 
assume,  that  electricity  flows  from  sl  positively  electrified  fo  a 
natively  electrified  body.  And  we  will  in  this  work  follow  this 
assumption,  true  or  otherwise,  as  it  involves  no  sacrifice  of  prin- 
ciples, notwithstanding  the  fact  that  experiments  have  been  per- 
formed which  tend  to  show  that  that  state  which  we  call  negative 
is  really  of  higher  potential  than  that  which  we  call  positive. 

Reference  has  several  times  been  made  to  the  use  of  wire  as  a 
means  of  connection  between  two  oppositely  electrified  bodies,  or 
between  two  bodies  at  different  potentials.  Were  we  desirous  of 
transmitting  mechanical  instead  of  electrical  energy,  a  hempen  or 
silken  cord  would  answer  equally  well,  if  due  provision  had  been 
made  that  the  cord  should  have  the  requisite  mechanical  strength 
or  tenacity  to  transmit  the  energy  without  fracture.  But  tenacity 
is  not  the  necessary  attribute  for  a  body  to  possess  in  order  that 
electricity  may  be  readily  propagated  through  it.  All  substances 
admit  of  this  transmission,  although  to  very  varying  degrees.  A 
piece  of  copper  wire  offers  greater  facilities  than  a  piece  of  iron 
wire  of  similar  dimensions,  which  in  turn  offers  greater  facilities 
^>an  a  similar  piece  of  German-silver  wire.  But  the  metals  one 
and  all  are  enormously  superior  in  this  respect  to  the  great  bulk 
<rf  non-metallic  substances.  On  the  other  hand,  every  substance, 
whatever  its  nature,  offers  a  greater  or  less  amount  of  resistance 
to  the  transmission  of  electricity.  Bodies  which  offer  little  resist- 
ance to  the  electric  flow  are  said  to  be  good  conductors,  while 
those  which  offer  considerable  resistance  are  said  to  be  bad 
conductors  or  insulators.  To  the  former  class  belong  the  metals, 
carbon,  ordinary  water,  &c.,  the  latter  class  including  such  sub- 
stances as  glass,  air,  sulphur,  resin,  india-rubber,  and  ebonite. 
Between  these  two  classes  are  many  substances  which  might 
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be  included  in  either  class,  but  no  hard  and  fast  line  can  be 
drawn. 

It  has  been  shown  that  the  result  of  joining  directly  together 
two  bodies  electrified  to  different  potentials  is  a  flow  of  electricity 
from  the  body  charged  to  the  higher  potential,  to  that  charged  to 
the  lower  until  electrical  equilibrium  between  the  two  bodies  is 
obtained.  And  a  similar  result  follows  if  we  join  the  bodies 
together  by  a  piece  of  wire  ;  while  if  they  have  only  air  or  some 
other  bad-conducting  substance  separating  them,  there  will  be  no 
flow  at  all,  or  only  a  very  feeble  one.  If  the  path  of  the  flow  is 
made  longer,  or  more  difficult,  say  by  the  interposition  of  a  longer 
or  poorer  conductor,  it  naturally  follows  that  the  time  which  is 
taken  for  equilibrium  to  be  restored  is  lengthened,  and  the  rate  of 
restoration,  that  is,  the  strength  of  the  current,  is  less.  But  if  the 
potential  difference  and  the  quantity  of  electricity  transferred  is 
the  same  in  the  two  cases,  the  energy  expended  in  the  effort  to 
restore  equilibrium  is  the  same. 

The  result,  then,  of  interposing  a  substance  of  poorer  con- 
ducting power,  or,  what  amounts  to  the  same  thing,  of  higher 
resistance,  between  two  bodies  having  a  potential  difference,  is  to 
reduce  the  strength  of  the  flow  or  current  passing  from  the  one  to 
the  other.  We  can  find  a  very  simple  analogy  to  this  if  we 
suppose  two  tanks  of  water  at  different  heights  one  directly  above 
the  other.  So  long  as  the  bottom  of  the  higher  one  is  intact  the 
resistance  to  the  flow  of  water  from  it  to  the  other  is  practically 
infinite,  but  if  we  interpose  a  relatively  bad  conductor  of  the  water 
in  the  form  of  a  very  small  pipe  or  tube  between  the  water  in  the 
tanks,  there  will  be  a  correspondingly  weak  or  feeble  flow  of  water 
from  the  higher  to  the  lower  tank.  If  we  increase  the  size  or 
bore  of  the  pipe,  the  conducting  power  will  be  increased  propor- 
tionally, and  a  corresponding  increase  in  the  volume  of  the  water 
(or  in  the  strength  of  the  current)  flowing  will  be  observed 
Pursuing  this  to  its  finality,  if  the  bottom  of  the  upper  tank  is 
removed  instantaneously  there  will  result  an  equally  instantaneous 
fall  of  the  whole  of  the  water  in  the  tank.  Such  a  state  of  things 
can  easily  be  traced  between  two  bodies  charged  to  different 
electrical  potentials  and  connected  by  various  substances  whose 
conducting  powers  range  from  the  almost  infinitely  great  to  the 
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of  resistance  which  is  hee  sh-rwri  tc  b^  i: 

of  cooductivityy  we  can,  in  a  cocresf co: 

of  the  current. 

To  summarise  our  obafTraSrcs  cc 

we  may  say  that  if  we  electrify  rwo  boci-e^ 

air,  to  diflerent  potenttais^  we   scb; 

species  of  stress.      If  we  Ter\-  cocsfdcnbly 

the  air  being  no  longer  able  to  suicafn  ibe  scrtss.  x  diicJriLr^e  cr 

an  electric  flow  ensues.     A  similar  lesch  can  Se  avhi-f^rei.  wrri-rc: 

increasing  the    potential    difference,   by  retrjciiii:   ±>e   c -=c:~og 

between  the  electrined  bodies,  or  by  bnc^iri^  ov^-  ihe  izr-spizie 
with  a  piece  of  wire  or  other  good  conductor.  In  e.ibcr  ciic  tbe 
ability  to  sustain  the  stress  is  reduced,  ar.d  we  call  ihs  arliry  to 
sustain  the  stress  resistance.  The  more  resisjance  we  iistn 
between  the  electrified  points  cm-  bodies,  the  more  do  we  tbcnriy 
reduce  or  prevent  the  flow  of  electricity. 
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CHAPTER  II. 

PRACTICAL  UNITS — OHM'S   LAW — C.G.S.   SYSTEM. 

In  dealing,  in  the  previous  chapter,  with  the  general  attributes  of 
electricity,  the  only  degree  of  comparison  arrived  at  was  to  say 
that  one  electrification,  resistance,  or  current  was  greater  or  less 
than  another.  And  to  a  somewhat  considerable  extent  this  was, 
until  within  the  last  few  years,  deemed  sufficient.  It  is,  however, 
now  essential  that  more  precision  in  comparing  or  measuring 
forces  and  their  properties  and  effects  should  be  obtained. 
Measurement  is,  in  fact,  the  most  important  branch  of  electrical 
science,  as,  indeed,  it  is  of  every  other  physical  science. 

Instead  of  simply  saying  that  one  lump  of  iron  is  heavier  or 
weightier  than  another,  it  is  usual  to  say  by  how  much  they  differ. 
Thus  one  lump  may  have  a  mass  of  ten  pounds,  and  another  a 
mass  of  twenty  pounds.  The  latter  is  therefore  ten  pounds  heavier 
than  the  former.  We  have  here  introduced  a  unit  of  measure- 
ment, viz.  the  pound,  or  unit  of  mass.  Similarly,  the  inch  or  foot 
may  be  used  as  a  unit  of  length,  the  second  as  a  unit  of  time,  the 
pint  as  a  unit  of  capacity,  the  sovereign  as  a  unit  of  coinage,  and 
so  on.  These  units  are  all  such  as  everybody  can  readily  appre- 
ciate. They  are  so  frequently  employed  that  no  mental  effort  is 
required  to  understand  what  is  meant  when  any  one  of  them  is 
mentioned. 

In  dealing  with  electricity  the  first  thing  we  wish  to  measure 
is  naturally  the  amount  of  the  electrical  diflference  between  two 
bodies  which  causes  an  electrical  stress  and  which  may  result  in 
a  current  of  electricity.  But  we  are  confronted  with  two  difficul- 
ties. The  first  is  that  by  none  of  the  everyday  units— by  no  unit 
employed  for  any  other  purpose — are  we  able  to  indicate  exactly 
the  electric  potential  in  a  body.  Moreover,  electricity  being  but 
a  condition  of  matter,  and  not  matter  itself,  it  is  impossible  to 
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measure  it  directly.    We  can  only  measure  it  by  its  effect  upon 
material  substances.    In  the  next  place,  inasmuch  as  it  is  impos- 
sible to  obtain  or  even  to  conceive  of  a  body  altogether  devoid  of 
electrification  (although  it  is  not  always  perceptible),  it  is  impos- 
sible to  fix  on  an  absolute  zero  potential,  and  measure  potentials 
from  that  point ;  in  just  the  same  way  that  it  is  impossible  to  have 
a  lero  level,  some  arbitrary  point  such  as  the  sea-level  at  high 
tide  having  to  be  employed  if  we  wish  to  measure  the  relative 
height  of  two  or  more  points.     It  is,  consequently,  necessary  to 
look  elsewhere  for  a  starting-point,  and  to  fix  on  a  convenient 
arbitrary  potential  zero.    We  take  as  a  zero  the  potential  of  the 
earth's  surface,  and  bodies  which  are  said  to  be  positively  electri- 
fied are  at  a  higher  potential  than  the  earth,  while  negatively 
electrified  bodies  are  at  a  lower  potential.    Positive  and  negative 
potentials  may  therefore  be  said  to  correspond  to  height  and 
depth  in  their  relation  to  the  sea-level.    Inasmuch,  however,  as 
we  are  unable  to  detect  any  potential  at  all  unless  we  take  two 
points  or  bodies  whose  potentials  are  different,  the  measurement 
of  potential  itself  again  presents  difficulties.    On  the  other  hand, 
when  we  are  called  upon  to  measure  the  potentials  of  two  bodies, 
what  we  really  desire  to  know  is  the  difference  between  those 
potentials ;  or,  if  we  call  the  potential  of  one  body  p,  and  that  of 
the  other  p,,  we  want  to  know  the  value  of  p— p,  ;  for,  after  all, 
it  is  this  difference  of  potential  that  determines  the  flow  of  elec- 
tricity.   This  diflference  of  potential  is  known  as  electro-motive 
force,  which  is  frequently  contracted  into  the  initials  k.m.f.,  or, 
shorter  still,  into  e.  only.     It  is  this  electro -motive  force,  then, 
that  we  desire  to  measure,  and  the  practical  unit  by  which  it  is 
measured  is  known  as  the  *volt.'    We  will,  for  the  present,  rest 
satisfied  with  the  simple  statement  that  the  volt  is  approximately 
equal  to,  although  actually  a  fraction  less  than,  the  electro-motive 
force  of  a  single  Daniell  cell.    (See  Chapter  III.) 

Reference  was  made  in  the  previous  chapter  to  *  resistance,' 
and  it  was  described  as  the  converse  of  conductivity,  which  again  we 
described  as  the  ability  of  a  body  to  transmit  a  current  of  electricity. 
It  is  easy  to  show  that  resistance  may  be  expressed  as  a  ratio 
— the  ratio  of  electro-motive  force  to  current — and  many  authori- 
ties insist  that  it  should  always  be  regarded  thus.     It  may  also  be 
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expressed  as  a  *  velocity/  or  the  ratio  of  length  to  time,  but  we 
prefer  to  deal  with  it  as  it  appeals  to  practical  electricians — viz.  as 
an  attribute  of  matter,  varying  with  different  substances,  and  in 
virtue  of  which  such  matter  opposes  or  resists  the  passage  of 
electricity,  whence  the  current  has  to  do  *  work '  or  expend  *  energy ' 
in  effecting  the  passage.    The  law  of  the  conservation  of  energy 
teaches  us  that  force  is  indestructible,  and  it  follows,  therefore, 
that  if  energy  has  to  be  expended  in  impelling  a  flow  of  electricity 
against  a  greater  or  less  amount  of  resistance,  the  equivalent  of 
that  energy  must  be  developed  in  some  other  form.    This  other 
form  is  usually  heat ;  or,  in  other  words,  when  a  body  opposes  a 
certain  amount  of  resistance  to  the  passage  of  electricity,  heat  is 
produced,  the  actual  amount  of  heat  being  an  exact  counterpart 
of  the  energy  expended  in  overcoming  the  resistance,  and  varying 
therefore  directly  as  that  resistance.     Consequently,  if  we  have 
two  conductors,  the  resistance  of  one  of  which  is  twice  that  of  the 
other,  and  if  we  send  currents  of  equal  strength  through  both 
wires,  twice  as  much  heat  will  be  developed  in  the  conductor  of 
the  higher  resistance  as  will  be  developed  in  that  offering  the  lower 
resistance.      We  shall  have  occasion  to  deal  with  this  subject 
more  fully  in  a  future  chapter,  but  we  may  add  here,  that  if  wc 
wish  to  perform  work  at  any  point  by  means  of  an  electric  current 
conducted  by  a  wire  to  that  point,  we  must  keep  the  resistance  of 
that  wire  down  to  the  lowest  practical  limit,  because  every  fraction 
of  the  energy  frittered  away  in  heating  the  conductor  means  so 
much  less  energy  available  for  the  particular  work  which  we  wish 
the  current  to  perform.     It  is  apparent,  then,  that  we  require  a  ' 
unit  by  which  we  shall  be  able  to  compare  the  resistances  of 
various  substances,  and  the  unit  selected  is  called  the  *  ohm.'     It 
was  decided  by  an  International  Congress  of  Electricians  which 
assembled  in  Paris  in  1884  as  being  equal  to  the  resistance  which 
is  offered  to  the  flow  of  electricity  by  a  column  of  mercury  one 
square  millimetre  (0*03937  of  an  inch,  or  a  small  fraction  less 
than  -^js  of  an  inch)  in  section,  and  106  centimetres  long  (the 
centimetre  is  equal  to  0*3937  of  an  inch),  the  temperature  being 
at  the  freezing  point  (32"^  Fahrenheit  or  o*"  Centigrade),  and  the 
pressure  of  the  air  equal  to  the  pressure  at  the  base  of  a  column 
of  mercury  30  inches,  or  760  millimetres,  in  height.  The  Congress 
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which  detennined  the  value  of  this  unit  also  decided  that  it  should 
be  known  as  the  '  legal '  ohm.  A  millionth  part  of  this  unit  is 
called'a  microhm,  and  one  million  ohms  a  megohm. 

There  have,  in  the  past,  been  an  almost  unlimited  number  of 

nnib,  more  or  les&  crude  and  unreliable  ;  for  it  must  be  borne  in 

mind  that  for  a  unit  to  be  of  any  real  value  it  must  be  permanent 

or  durable,  it  must  be  capable  of  confirmation,  and  its  derivation 

must  be  well  known  and  invariable.     One  of  the  earlier  units  of 

resistance  was  th^t  offered  by  a  mile  of  the  then  best  procurable 

iron  wire  of  a  certain  gauge  or  diameter.     The  indefiniteness  of 

such  a  unit  may  be  conceived  when  it  is  called  to  mind  that  even 

now  no  two  samples  of  the  same  wire  will  offer  the  same  resistance  ; 

and  still  more  so  was  this  true  a  few  years  ago,  when  the  quality 

of  iron  wire  as  a  conductor  was  vastly  inferior"  compared  with 

what  it  now  is,  both  as   regards  its  actttal  4"esistance  and  its 

uniformity. 

The  only  other  unit  which  we  need  consider  is  that  known  as 
the  B.A.,  or  British  Association  Unit.  It  was  determined  in 
London  in  1863  by  a  committee  appointed  for  the  purpose  by 
the  British  Association,  and  the  method  of  determination  then 
adopted  was  the  basis  upon  which  the  Paris  or  legal  ohm  was 
afterwards  calculated.  These  units  are  both  based  on  what  is 
called  the  C.G.S.  system  (p.  40),  the  Parfs  unit  being  really  a 
correction  of  the  B.  A.  unit  The  practical  standard  of  the  former 
has,  however,  a  great  advantage  over  that  of  the  latter,  which 
consisted  of  the  resistance  of  a  certain  length  of  wire  carefully  pre- 
served in  London.  This  was,  of  course,  rarely  used,  an^duplicates 
of  the  standard  had  to  be  employed  for  coraparingpf-s'tandardising 
other  resistances.  The  legal  ohm  is  manifestly  capable  of  being 
reproduced  more  easily,  and  it  is  this  fact  which  imparts  to  it  its 
chief  value.  The  B.A.  unit  is  a  fraction  smaller  than  the  Paris 
ohm,  the  actual  proportion  being  0-986  to  i*o.  If  it  were  possible 
at  the  present  day  to  universally  adopt  a  common  unit,  it  would 
certainly  be  a  great  advantage,  for  then  everybody  would  know 
what  was  meant  when  anyhody  else  mentioned  any  particular 
resistance.  But  prior  to  1884  a  vast  quantity  of  electrical 
apparatus  and  machinery  was  in  U3e,  and  everything  in  Eng- 
l^id  and  some  other  countries  was  measured  by  the  B.A.  unit. 
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while  the  measurements  employed  on  the  Continent  were  for 
the  most  part  referrible  to  the  Siemens  unit,  which  was  the 
resistance  of  a  column  of  mercury  i  metre  (or  39*37  inches)  long, 
the  other  details  as  to  its  size,  temperature,  and  pressure  being  the 
same  as  those  employed  in  devising  the  legal  ohm.  As  it  was, 
the  various  administrations  and  authorities  were  placed  in  a  most 
unpleasant  dilemma.  If  they  re-standardised  and  re-mariced  all 
their  existing  apparatus  they  would  have  had  to  incur  enormous 
expense,  while  if  they  continued  the  use  of  their  existing  standards 
they  would  be  perpetuating  an  inconvenience  which  they  had 
called  the  Congress  together  to  remove.  In  the  majority  of  cases, 
questions  of  finance  compelled  them  to  adopt  the  latter  alterna- 
tive, so  that  with  us,  most  telegraph  apparatus  continues  to  be 
measured  by  the  B.A.  unit,  while  the  apparatus  employed  in  the 
newer  industries,  such  as  electric  lighting,  is  measured  by  the  l^al 
ohm.  Accordingly,  in  this  work  we  shall  endeavour  to  keep  the 
latter  in  view. 

The  student  will  frequently  come  across  the  expression  *  specific 
resistance,'  and  it  is  a  most  important  term.  It  may  be  defined 
as  the  resistance  of  any  particular  substance  as  compared  with  the 
resistance  of  a  piece  of  some  other  conductor,  such  as  silver,  of 
similar  dimensions,  the  test  being  made  under  similar  conditions. 
It  is  a  matter  of  great  convenience  that  different  bodies  vary  in 
their  relative  or  specific  resistances,  for  there  are  times  when  we 
want  the  lowest  possible  resistance,  while  at  other  times  we  require 
a  large  measure  of  resistance,  more  particularly  when  we  desire  to 
prevent  an  electric  discharge,  to  prevent  the  flow  of  an  electric 
current,  or  to  prevent  electricity  leaking  from  one  body  to  another. 
Appended  is  a  table  based  upon  that  of  Dr.  Matthiessen  which 
shows  the  relative  resistance  of  a  number  of  metals  frequendy 
met  with,  and  as  the  variation  of  the  temperature  of  a  body  varies 
its  electrical  resistance,  all  the  tests  have  been  taken  at  a  commoo 
temperature,  viz.  that  of  freezing  point,  or  the  necessary  correc- 
tions made  to  correspond  to  that  temperature. 

An  alloy  of  copper,  nickel,  and  zinc  (the  usual  constituents  of 
German  silver),  combined  with  i  or  2  per  cent  of  tungsten,  wa4^ 
introduced  a  few  years  ago  under  the  name  of  platinoid.  It  is; 
found  that  the  addition  of  tungsten  imparts  greater  density  to  allojis, 
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Table  showing  Relative  Resistances  op  Chemically  Purr  Substances 

AT  o^  C  IN  Legal  or  Paris  Ohms. 


4  tir: 

ance  of  a 
z  metre 

D  diameter 

Renstance  in 

NameofMeul 

lativt 
istancc 

anceo 
footle 
if  an  in 
lamete 

microhms 

<SJ 

•i.e  Tt 

Cubic 

Cubic 

n 

8  C'4s.9 

6 

inch 

centimetie 

Silver,  annealed 

• 

I 'GOO 

9-048 

0-0x9x6 

0*5921 

1*504 

Copper,  annealed    . 

• 

1*063 

9*6x3 

0*02034 

0*6292 

X-598 

SOver.  bard  drawn  . 

€ 

x*o86 

9-830 

o'osoSo 

0-6433 

1-634 

Copper,  hard  drawn 

% 

1086 

9-831 

0*02081 

0-6433 

1*634 

Gold,  annealed 

• 

i'3^ 

12-38 

0-02620 

0-8102 

2*058 

GokL  hard  drawn  . 

• 

1*393 

12 '60 

0*02668 

0*8247 

2-094 

e 

1-935 

17-53 

0-03710 

X-I47 

2*9x2 

• 

3741 

33-85 

0-07163 

2-215 

5626 

Flatinimi,  annealed 

• 

6'023 

54*49 

0-II53 

3-565 

9057 

Iron,  anziealed 

• 

6 '460 

5845 

0-X237 

3-825 

9-7x6 

Lead,  pressed 

• 

I30S 

-^ 

0*2498 

7*728 

19*63 

German  sflver,  hard 
annealed 

1 

i3*9a 

125-91 

02666 

8*240 

20-93 

Flatinum.  silver  alloy 

irdj 

• 

plaiiniun  |  sflver)  hi 

16 '21 

146-70 

0-3x06 

9-603 

24-39 

or  annealed 

Mercuiy 

• 

6273 

572 '30 

X'2II 

37-15 

94-32 

and  reduces  any  tendency  to  oxidation.  When  polished,  the  alloy  is 
scarcely  distinguishable  in  appearance  from  silver.  A  cubic  centi- 
metre offers  a  resistance  ranging  from  about  30  to  36  microhms, 
BO  that  its  resistance  is  about  one  and  a  half  times  that  of  German 
silyer.  As,  however,  alloys  always  vary  more  or  less  in  their  com- 
positian,  a  definite  resistance  cannot  safely  be  assigned  to  any 
commercial  variety,  and  calculations  concerning  them  can  only  be 
accepted  as  actually  true  of  the  particular  samples  tested.  Plati- 
noid, when  drawn  hard,  is,  like  copper,  softened  by  heating  and 
sudden  cooling. 

The  admixture  of  even  a  minute  proportion  of  foreign  matter 
very  considerably  reduces  the  conductivity  or  increases  the  re- 
sistance of  a  metal  A  very  remarkable  effect  is  observed  when 
an  alloy  of  two  or  more  metals  is  tested,  for  the  specific  or  relative 
resistance  of  the  alloy  will  always  be  found  higher  than  that  of 
either  of  its  constituents.  Purity  in  the  case  of  simple  substance 
and  absolute  uniformity  in  the  constitution  of  alloys,  such  as 
German  silver,  is,  therefore,  pre-eminently  essential,  if  the  highest 
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conductivity  or  if  a  certain  specific  resistance  is  desired,  as  is 
shown  by  the  following  table,  giving  the  specific  conductivities  of 
various  samples  of  copper. 

Table  showing  the  Comparative  Conductivity  of  Pure 
Copper  and  the  Bar  Copper  of  Commerce.^ 

{All  the  wires  were  annealed,) 

Coaducting  power. 

loo'o  at  15*5®  C 


Pure  copper 

Lake  Superior,  native,  not  fused 

Ditto,  fused,  as  it  comes  in  commerce 

Burra  Burra 

Best  selected    . 

Bright  copper  wire 

Tough  copper  . 

Demidoflf 

Rio  Tinto 


98-8  at  15-5°  C. 
92-6  at  is'o**  C. 
8S7at  14-0^0. 
81-3  at  142°  C 
72*2  at  15*7**  C. 
71-0  at  i7*3**C. 
59-3  at  127**  C 
14-2  at  14*8**  C 


Or,  again,  if  the  relative  conductivity  of  pure  copper  is  taken 
as  100,  then  that  of  copper  mixed  with  i'6  per  cent,  in  volume  of 
silver  will  be  only  65  ;  while  the  conductivity  of  silver  mixed  with 
1*2  per  cent,  in  volume  of  gold  will  be  59  when  that  of  pure  silver 
is  taken  as  100. 

A  highly  interesting  phenomenon  is  the  wonderful  effect  which 
a  variation  in  temperature  produces  upon  the  resistance  of  the 
various  substances  through  which  a  current  may  flow.  The  effect 
would  be  less  surprising  were  it  general  or  were  it  consistently 
uniform  in  all  bodies,  but  the  great  feature  to  be  observed  is  that 
while  in  the  case  of  metals  the  resistance  of  a  conductor  invariably 
increases  with  an  exaltation  in  temperature,  the  non-metals  all  show 
a  decrease  in  resistance  under  similar  circumstances.  It  is  also  a 
remarkable  feature  that  in  the  case  of  metals  the  variation  is  much 
less  in  alloys  than  in  pure  metals.  These  results  are  fraught  with 
the  greatest  importance,  as  they  limit  considerably  the  number 
of  substances  available  for  many  classes  of  electrical  apparatus. 
For  example,  wires  which  are  to  be  employed  as  standards  for 
comparing  or  measuring  resistances  should  have  as  nearly  as 
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CHAP.  a.  Effects  of  Temperature  Variation 


19 


possible  the  same  value  at  all  temperatures.  It  may  be  observed 
that  the  insulating  coatings  of  the  wires  in  the  telegraph  cables 
laid  in  such  waters  as  the  Indian  Ocean  show  a  marked  decrease 
in  their  insulating  properties  after  submergence,  consequent  upon 
the&ct  that  the  water  is  several  degrees  wanner  than  that  in  the  tanks 
in  which  the  standardising  tests  were  made.  The  accompanying 
table,  showing  the  percentage  variation  in  the  resistance  of  various 
bodies  between  the  temperature  of  freezing  water  and  that  of 
boiling  water,  should  prove  eminently  interesting.  It  is  certainly 
useful  and  important. 


Name  of  Metal 


Conducting  power 

at  0°  C. 

Silver  =  zoo 


Pureinm  .... 

Pore  thallium    .         *        .        . 

Otber  pure  metab  in  a  solid  state 

Gold  with  15  p.c.  iron 

Proofgold        .... 

Standi  silver 

Gim  metal  (Austrian) 

Copper  with  25  p.c.  platinum  . 

Silver  with  5  p.c.  platinum 

Silver  with  9*8  p.  c.  platinum     • 

Copper  with  9*7  p.c.  tin    . 

Gojd  ^Iver  alloy 

Platinum  with  33*4  p.c.  iridium 

Gennan  silver    .... 

Gold  with  4*7  p.c.  iron 

Silver  with  25  p.c.  palladium 

Silver  with  33*4  p.c.  platinum  . 

Fladaoid 


x6'8i 
9*i6 

276 

73-55 
8063 

27*08 

as '08 

3164 

18*04 

12 '19 

15*03 
4*54 
7 -80 

237 
852 

6-70 


Percentage  fall  of 

conducting  DO wer 

between  0**  and 

xoo°C. 


39'3 

31*4 

29*3 

279 
26 '4 
23-2 
18-3 

"•5 

"•3 
71 
6-6 

6-5 
S'9 
44 
3-8 

3*4 

31 
2*09 


As  may  have  been  gathered  from  what  has  already  been  said, 
when  we  increase  the  length  of  a  conductor  we  invariably 
increase  its  resistance.  This  follows  as  a  matter  of  course  from 
the  fact  that  if  we  urge  a  certain  current  through  a  wire  of 
increased  length,  we  give  it  more  work  to  do,  necessitating,  conse- 
quently,  a  greater  expenditure  of  energy  in  precisely  the  same  way 
that  a  railway  engine  would  consume  more  coal  in  taking  a  train 
a  distance  of  200  miles  than  it  would  consume  in  taking  it  only 
half  that  distance.  The  resistance  of  a  conductor  of  uniform 
material  and  thickness  or  cross-section  varies  directly  as  its  length—* 
that  is  to  say,  if  we  vary  the  length  of  the  conductor  we  vary  its 
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resistance  at  exactly  the  same  rate,  or,  in  fewer  words,  resistance 
varies  directly  as  the  length  of  the  conductor.  If  a  mile  of  wire 
of  a  certain  gauge  oflfers  a  resistance  of  ten  ohms,  two  miles  of  the 
same  wire  would  offer  twenty  ohms. 

The  effect  of  increasing  the  size  or  sectional  area  of  a  con- 
ductor is  to  increase  its  conductivity  and,  consequently,  to  diminish 
its  resistance,  in  exactly  the  same  way  that  increasing  the  diameter 
of  a  pipe  increases  the  amount  of  gas  or  water  that  can  be  passed 
through  it.  The  resistance  of  a  conductor  varies  inversely  as  its 
sectional  area.  That  is,  if  we  have  two  conductors,  such  as  two 
specimens  of  copper  wire,  drawn  from  the  same  bar,  the  amount 
of  resistance  which  the  wires  will  offer  depends  upon  the  size  of 
the  wires  or  on  the  area  of  the  ends  exposed  on  cleanly  cutting 
them  at  right  angles  to  their  length — that  is  to  say,  upon  the 
amount  of  metal  through  which,  the. current  .can  flow.  Most  wires 
are  round,  so  that  the  section  is- a  circle,- and  it  becomes  necessary 
to  understand  the  method  of  ccimparing  the.  areas  of  circles.  The 
area  of  a  circle  varies  as  the  square  of  its  diameter ;  for  example, 
if  we  have  two  circles,  one  having  a  diameter  of  one-tenth  of  an 
inch  and  the  other  of  two-tendis  of  an  inch,  their  areas  or  the 
spaces  they  enclose  will  not  be  in  the  proportion  i  :  2,  but  as  the 
squares  of  those  figures,  viz.  i  :  4,  so  that  one  wire  which  is  twice 
the  diameter  of  another,  other  things  being  the  same,  only  offers 
one  quarter  of  the  resistance  offered  by  the  thin  wire.  While  if  we 
treble  the  diameter  of  the  wire,  or  make  it  three-tenths  of  an  inch, 
the  resistance  will  be  only  one-ninth  of  that  of  the  .thinnest  wire. 
As  a  matter  of  fact,  the  thickest  of  these  three  wires  will  weigh 
exactly  nine  times  as  much  as  the  thinnest,  there  being  nine  times 
as  much  metal  in  it.  We  may,  therefore,  state  our  law  in  other 
words  by  saying  that  the  resistance  of  wires  uniform  in  all 
particulars  excepting  thickness  varies  inversely  as  their  weight. 
Thus,  if  a  mile  of  copper  wire  weighs  100  lbs.  and  has  a  re- 
sistance of  9  ohms  and  an  equal  length  of  similar  copper  wire 
weighs  150  lbs.  the  resistance  of  the  latter  will  be  6  ohms.  Again, 
the  specific  resistances  of  iron  and  copper  are  approximately  as 
6  to  I.  If,  now,  a  mile  of  iron  wire,  0*240  of  an  inch  in  diameter, 
has  a  resistance  of  5  ohms,  and  it  is  thought  for  certain  reasons 
desirable  to  substitute  a  mile  of  copper  wire  having  the  same 
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resistance,  we  should  have  to  use  wire  weighing  one-sixth  the 
weight  of,  or  whose  sectional  area  would  be  one  sixth  of,  that  of  a 
copper  wire  0*240  of  an  inch  in  diameter,  because  the  resistance 
of  a  mile  of  the  latter  would  be  only  five-sixths  of  an  ohm.  The 
required  thickness  could  be  ascertained  by  rule  of  three,  for  if 
X  stands  for  the  required  diameter, 

6:1::     (0*240)^      :     X^y 

from  which  we  find  x^  =  0*0096.  Therefore  x^  or  the  required 
diameter,  is  equal  to  the  square  root  of  0*0096,  or  0*098  of  an 
inch  nearly. 

A  conductor  offers  to  the  passage  of  electricity  at  equal  tem- 
peiatures  a  constant  resistance  which  is  altogether  independent 
either  of  the  electro-motive  force  or  of  the  strength  of  the  current 
That  is  to  say,  a  wire  which  offers  10  ohms  to  the  passage  of  a 
feeble  current,  offers  precisely  the  same  resistance  to  a  powerful 
current,  except  in  so  far  as  an  increase  in  the  strength  of  the  current 
involves  a  corresponding  increase  in  the  temperature  of  the  wire, 
and  this  increased  temperature  causes  a  proportionately  increased 
resistance,  as  already  pointed  out 

We  come  now  to  the  consideration  of  the  laws  which  deter- 
mine the  strength  of  a  current  and  of  the  relationship  subsisting 
between  strength  and  the  other  attributes  of  an  electric  current. 
The  real  relationship  can,  perhaps,  be  best  understood  by  the  aid 
of  a  simile.  Let  us  suppose  two  tanks,  one  very  high  up,  say 
three  or  four  hundred  feet  above  the  ground,  the  other  raised  only 
a  few  feet.  Let  both  tanks  contain  the  same  quantity  of  water, 
and  let  both  of  them  be  supplied  with  pipes,  the  one  for  the  upper 
tank  being,  however,  very  much  smaller  in  diameter  than  that  for 
the  lower.  On  turning  the  taps  the  water  from  the  upper  tank, 
although  small  in  quantity,  will  issue  forth  with  much  greater 
force  than  that  from  the  lower  tank,  although  the  quantity  or  rate 
of  flow  from  the  lower  tank  may  considerably  exceed  that  from 
the  upper  tank.  In  other  words,  the  pressure  in  the  long  small 
pipe  is  much  greater  than  in  the  short  but  large  one,  while  the 
quantity  of  water  delivered  by  the  former  is  considerably  less  than 
that  delivered  by  the  latter.  Pressure  in  a  column  of  water 
corresponds  with  the  electrp-motive  force  of  a  battery,  while  the 
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volume  or  quantity  of  water  flowing  through  the  pipe  corresponds 
to  current  strength.  But  to  pursue  the  analogy  still  farther, 
if  the  upper  tank  be  raised  sufficiently  high,  the  greater  pressure 
so  obtained  will  augment  the  velocity  of  the  water,  and  the  two 
tanks  will  be  emptied  in  the  same  time.  There  are  two  things, 
then,  that  govern  the  quantity  of  water  delivered  or  the  rate  of 
delivery — viz.  the  pressure,  and  the  size  of  the  pipe,  which  latter 
corresponds  in  electrical  considerations  with  the  size  of  the  con- 
ductor and  consequently  with  the  resistance. 

By  current  strength  is  meant,  therefore,  the  amount  or  volume 
of  electricity  passing  any  point  in  a  circuit  at  any  particular 
moment.  It  corresponds  to  the  rate  of  delivery  of  gas  or  water  by 
a  pipe.  In  a  simple  circuit  it  depends  upon  two  things,  the 
electro-motive  force  of  the  generator  or  battery  and  the  resistance 
of  the  whole  circuit,  which  comprises  the  wire  and  apparatus  as 
well  as  the  battery  itself.  The  practical  unit  of  current  strength 
or  rate  of  delivery  is  called  the  ampere,  and  is  that  amount  of 
current  which  is  urged  through  a  circuit  of  one  ohm  resistance  by 
/an  electro-motive  force  of  one  volt.  If  this  current  is  maintained 
^or  one  second,  one  unit  of  electrical  quantity  is  delivered  and 
this  unit  is  called  the  coulomb.  If  a  current  of  half  an  ampere 
flows  for  two  seconds,  the  quantity  of  electricity  delivered  is  again 
one  coulomb.  S<f  also  is  it  if  a  current  of  two  amperes  flows  for 
half  a  second,  so  that  in  every  case  the  rate  of  flow,  or  current 
strength  in  amperes  multiplied  into  the  time  in  seconds  gives  us 
the  total  quantity  of  electricity  or  the  number  of  coulombs.  Thus 
if  Q  represents  the  quantity  of  electricity  in  coulombs,  c  the  current 
strength  in  amperes,  and  /  the  time  in  seconds, 

Q  =  c  X  /. 

As  the  quantity  of  electricity  delivered  is  rarely  required  to 
be  known,  but  rather  the  rate  of  delivery  or  flowing,  we  will 
deal  more  fully  with  the  method  of  ascertaining  this  rate.  In 
order  that  this  may  be  more  readily  understood,  we  will  at  once 
proceed  to  the  discussion  of  *Ohm*s  Law,'  which  declares  that 
the  current  strength  varies  directly  as  the  electro-motive  force^  and 
inversely  as  the  resistance.  This  law  may  be  represented  by  the 
simple  equation  — 
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Electro-motive  force 


Resistance 


=  current  strength, 


E 

or,  -  =  c. 

R 

As  an  example  of  the  relation  which  the  units  bear  to  each 
other  we  may  take  the  simple  case  of  a  battery  having  an  electro- 
motive  force  of  one  volt  and  sending  a  current  through  a  circuit 
whose  total  resistance  is  one  ohm.  The  current  strength  will 
then  be  one  ampere,  thus  : — 

and  if  this  current  is  maintained  for  one  second,  one  coulomb  of 
electridty  will  have  passed.    By  doubling  the  resistance,  we  get 

I  volt 


2  ohms 


=  o'S  ampere. 


Similarly,  by  doubling  the  electro-motive  force  we  get,  with  unit 
resistance, 

2  volts 


I  ohm 


=  2  amperes. 


A  little  reflection  will  make  evident  the  subsidiary  law  that 
the  current  strength  is  the  same  in  all  parts  of  the  circuity  and  does 
not  in  any  sense  vary  in  different  parts  of  the  same  circuit.  The 
current  strength  can  easily  be  supposed  to  be  uniform  in  a  uniform 
conductor,  but  if  we  make  up  a  circuit  with  wires  of  different 
<iegtees  of  conductivity,  or  if  we  interpose  any  liquid  conductor, 
the  same  law  holds  good,  just  as  would  be  the  case  if  we  were  to 
wge  a  current  of  water  through  a  pipe  of  variable  diameter.  It  is 
manifest  that  if  a  gallon  of  water  enters  the  pipe  in  a  certain  time 
the  same  volume  must  pass  out  in  the  same  time  (supposing  the 
pipe  to  have  been  already  full),  and  the  same  volume  must  pass 
every  point  in  the  pipe  in  the  same  interval  of  time,  although  in 
the  thinner  or  smaller  portions  of  the  pipe  the  water  travels 
fester  and  generates  a  little  more  heat  by  friction  with  the  sides 
of  the  pipe  than  in  the  larger  sections  of  it.  This  latter  analogy 
also  holds  good  with  regard  to  electricity,  the  thinner  wire  pr 
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poorer  conductor  will  be  more  highly  heated  than  the  thicker  or 
better  conductor.  It  is  this  fact  that  makes  electric  lighting  by 
incandescent  lamps  possible.  It  is  doubtful  whether  in  the  whole 
range  or  history  of  electrical  science  a  law  has  ever  been  enun- 
ciated so  full  of  truth  and  of  such  truly  immense  importance  as 
that  discovered  by  George  Simon  Ohm,  and  we  shall  find  frequent 
need  to  refer  to  it  in  the  succeeding  chapters. 

For  the  benefit  of  those,  and  our  experience  teaches  us  that 
they  are  very  numerous,  who  do  not  understand  the  full  meaning 
of  a  simple  equation,  we  may  say  that  if 

^  ==  c,  then  5  =  R,  and 
R  c 

E  =  RC  (or  R  X  c). 

So  that,  if,  of  these  three  quantities,  we  are  told  two,  we  can 
always  readily  calculate  the  third.  Thus,  with  a  current  of  two 
amperes  and  an  electro-motive  force  of  lo  volts,  the  resistance 
will  be 

— =  5  ohms. 

Similarly,  if  a  current  of  5  amperes  flows  through  a  resistance  of 
10  ohms,  the  electro-motive  force  capable  of  maintaining  this  cur- 
rent will  be 

10  X  5  =  50  volts. 

When  two  or  more  channels  or  paths  are  open  to  a  current 
of  electricity,  the  current  divides  between  them,  just  as  water 
or  gas  in  a  pipe  will  divide  into  any  number  of  branch  pipes. 
If  in  the  case  of  electrical  conductors  there  are  two  wires 
(a  and  B,  fig.  i),  between  which  the  current  can  divide,  and  if 

Fig.  I. 


A-IO 


d 


B-  I0«^ 


the  resistances  of  the  two  wires  are  equal,  the  current  wi  divide 
equally  between  them  ;  thus,  if  a  current  of  two  amperes  flows 
frpm  the  battery  p,  one  ampere  will  go  through  each  wir^.    WTi^ 
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the  resistances  are  not  equal,  the  current  will  divide  inversely  as 
the  resistances ;  thus,  if  the  resistance  of  one  wire  (a,  fig.  2)  is 
10  ohms,  and  of  another  (b)  is  20  ohms,  and  a  current  of  three 

Fig.  9. 


B«  ao<*> 


amperes  divides  between  them,  two  amperes  will  go  through  the 
wire  A  of  10  ohms  and  one  ampere  through  the  wire  b  of  20  ohms. 

When  two  or  more  wires  are  joined  together  so  that  the 
current  divides  between  them,  they  are  said  to  be  joined  up  in 
'parallel,'  and  when  the  end  of  one  is  joined  to  the  end  of  another 
so  that  the  whole  current  goes  through  both  wires,  one  after  the 
other,  the  wires  are  said  to  be  joined  up  in  *  series.' 

The  law  for  double  channels  holds  equally  good  for  multiple 
channels.  Thus,  if  there  are  10  wires  of  uniform  resistance  and  a 
current  of  10  amperes  divides  between  them,  it  will,  do  so  equally, 
so  that  one  ampere  will  flow  through  each  wire.  When  the 
resistances  vary,  then  the  current  flowing  tltfftugh  each  wire  will 
vary  also,  but  in  the  inverse  ratio.  "^   V*  / .  /  //     "'<'  . 

When,  however,  two  or  more  wires  are  joined  up  in  parallel,^ 
serious  alteration  is  made  in  the  condition  of  the  circuit,  for  the 
total  amount  of  current  that  is  pjKxiuced,  whether  it  be  from  a 
primary  battery,  a  dynamo-electric  machine,  or  any  other  source 
of  electrical  energy,  will  be  increased.  This  increase  follows  from 
the  feet  that  when  wires  are  joined  up  in  parallel,  their  united,  or, 
technically  speaking,  their  joint  resistance  is  less  than  that  of  any 
one  of  the  wires  taken  separately.  The  meaning  of  this  will  be 
more  readily  apparent  if  a  wire  is  regarded  as  a  conductor  rather 
than  as  a  source  of  resistance.  Thus,  if  two  equal  wires  lie  side 
by  side  and  the  current  is  allowed  to  flow  through  them,  the  con- 
ducting power  of  the  double  wire  will  be  twice  that  of  either  wire 
taken  separately,  in  precisely  the  same  way  that  a  water  or  gas- 
pipe  two  square  inches  in  section  will  transmit  twice  as  much  as 
S(  similar  pipe  only  one  square  inch  in  section,    If,  therefore,  the 
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conductivity  of  the  two  wires  in  parallel  is  twice  that  of  one 
of  them,  their  united  or  joint  resistance  will  be  only  half  that 
of  one  of  them.  Thus,  if  two  wires,  each  of  loo  ohms  resistance, 
are  joined  to  a  battery  in  parallel,  their  joint  resistance  will  be  50 
ohms.  Similarly,  if  ten  wires,  each  of  100  ohms  resistance,  are 
joined  in  parallel,  they  \Kill  offer  a  joint  resistance  of  10  ohm& 
We  can,  therefore,  say  that  if  any  number  of  wires  («)  of  uniform 
resistance  (r)  are  joined  in  parallel,  or  'multiple  arc,'  as  the 

arrangement  is  sometimes  called,  then  their  joint  resistance  =  — . 


1 


Suppose,  now,  that  our  battery  has  an  electro-motive  force  of 
volts,  and  that  its  internal  resistance  is  negligibly  low,  with  one 
wire  of  100  ohms  joined  on  we  get — 

100  volts 

= =  I  ampere. 

1 00  ohms 

With  two  wires  we  get — 

100  volts       100 

=  —  =  2  amperes. 

-^ohms        ^^ 

2 

This  current  divides  equally  between  the  two  wires,  one  ampere 
going  through  each. 

With  10  wires  we  get — 

100  volts       100 

=  — -  =  10  amperes. 

100  ,  10 

—  ohms 

10 

Whence  one  ampere  will  still  go  through  each  wire,  so  that  the 
strength  of  the  current  increases  in  precisely  the  same  propK>rtion 
as  the  number  of  wires.  If,  however,  the  internal  resistance  of 
the  battery  is  proportionally  high  enough  to  necessitate  its  being 
taken  into  account,  the  reduction  of  the  external  resistance 
will  not  produce  so  marked  an  effect.  With  a  battery  resistance 
of  100  ohms  and  a  single  wire  of  a  like  resistance  we  get 

100  100 

=  0*5  ampere, 


100  +  100       20Q 
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and  when  two  wires  are  joined  in  parallel  we  get — 

100  100 


100  +  50       150 
With  10  wires  we  get — 


=  —  =  o*66  ampere. 


100  100 

=  —  -=0*90  ampere. 


100  -H   10       no 

Thus  with  two  wires  in  parallel  a  current  of  0*33  ampere  would 
flow  through  each  wire,  while  with  ten  wires  the  current  strength 
in  each  wire  would  be  only  0*09  ampere. 

^^^len  the  parallel  circuits  are  of  different  resistance,  the  calcu- 
lation of  their  joint  resistance  involves  a  little  more  trouble.  Let 
us  suppose  two  wires  joined  in  parallel,  their  individual  resistances 
being  r,  and  R3  respectively.  As  we  have  already  pointed  out, 
resistance  is  the  converse  of  conductivity.    Therefore,  Ri  and  R2, 

representing  the  resistances,—  and —,  will  represent  their  conduc- 

Ri  Ra 

tivities,  whence  the  united  conductivity  will  be  -  H — ,  which  is 
equal  to  51-!!LJ?J.   This  being  the  joint  conductivity,  the  joint 

Rl  R3 

resistance  will  be  — ? — ?-  ;  thus  if  r,  =  500  ohms  and  Rg  =  1,000 

R,    +  Rj 

ohms,  iheir  joint  resistance  will  be 

5ooj<_iooo  ^  soojooo  ^  ^^^^ 

500    +     1000  1,500 

Briefly  put,  it  may  be  said  that  the  joint  resistance  of  any  two 
conductors  is  equal  to  the  product  of  those  resistances,  divided  by 
their  sum. 

Similarly  with  three  (or  more)  wires  of  different  resistances, 
their  joint  conductivity  would  be 

I      I    Jt ,        I     __   ^I   Rjl    "i     R2  ^3    "f"    '^l   ^^3 

Rj        Rj         R3  Rl  Rg  R3 

whence  the  joint  resistance  will  be 

Rl    Ra  Ro 


Rl  Rj  H~  Rj  R3  +  Rj  R3 
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If  Ri,  R2,  and  Rs  are  500,  1,000,  and  2,000  ohms  respectively, 
their  joint  resistance  will  therefore  be 

500  X  1,000  X  2,000 

(500  X  1,000)  +  (1,000  X  2,000)  +  (500  X  2,000) 

1,000,000,000         o-  ^    u 
=  -^ ? ? =  2857  ohms. 

3,500,000 

In  the  process  of  electrical  testing  it  is  frequently  found  to  be 
necessary  to  employ  wires  of  various  resistances,  either  as  stand- 
ards for  comparison,  or  simply  for  the  purpose  of  placing  in  a 
circuit  and  varying  the  strength  of  the  current  therein.  The  wires 
are  usually  coiled  up  or  wound  on  bobbins,  so  as  to  occupy  little 
space,  and  are  then  placed  in  a  convenient  case  or  box  ;  such  a 
set  of  coils  is  known  as  a  resistance-box,  or  rheostat.  But  if  the 
coils  are  to  be  of  any  real  value  as  standards,  great  care  must  be 
exercised,  not  only  in  accurately  measuring  their  resistance,  but 
also  in  selecting  the  materials  of  which  they  are  made,  so  as  to 
avoid  deterioration  or  change  of  any  kind.  The  wire  must  be 
completely  covered  throughout  by  some  good  insulating  substance, 
to  prevent  contact  between  adjacent  convolutions,  and  the  mate- 
rial used  for  this  purpose  must  be  able  to  withstand  without 
change  the  highest  temperature  to  which  it  is  likely  to  be  sub- 
jected ;  and  it  must  also  be  incapable  of  producing  any  injurious 
action  on  the  wire.  The  best  insulating  material  is  silk  thread, 
which  is  wound  spirally  over  the  wire  in  one  or  two  layers. 

In  selecting  the  material  for  the  wire  itself,  several  points  should 
be  carefully  attended  to.  The  metal  must  be  free  from  any  lia- 
bility to  alteration  by  oxidation,  &c.  (iron  is,  therefore,  unsuitable). 
But  the  most  important  matter  for  consideration  is  the  amount  of 
its  variation  in  resistance,  with  a  given  change  of  temperature. 

In  very  important  work  it  is  necessary  to  know  the  temperature 
at  which  a  coil  was  originally  measured,  and  either  bring  it  to 
that  same  temperature  during  the  experiment  or  else  make  a 
correction  in  the  result.  But  either  course  is  somewhat  tedious, 
and  in  ordinary  cases  impracticable.  In  practice  the  coils  arc 
measured  at  the  temperature  at  which  it  is  probable  they  wiD 
generally  b^  used,  say  15®  C.  (59**  F.),  and  the  error  lessened  by 
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choosing  a  metal  whose  percentage  of  resistance  variation  with 
change  of  temperature  is  very  low. 

In  addition  to  changing  with  any  alteration  in  the  temperature 
of  the  atmosphere,  the  wire  is  more  or  less  heated  by  the  passage 
ofacunent  itself,  so  that  its  resistance  may  easily  alter  during  a 
kief  or  rapidly-performed  test  or  experiment  An  examination  of 
the  table  given  on  page  19  shows  the  variation  of  a  platinum- 
siher  alloy  to  be  very  small,  and  it  is  therefore  very  extensively 
employed  in  high-class  apparatus,  where  the  expense  becomes  a 
matter  of  minor  importance. 

For  coils  of  high  resistance  it  is  necessary  to  choose  a  metal 
whose  specific  resistance  is  high  ;  otherwise  the  length  of  wire 
would  probably  be  inconveniently  great.  For  low  resistances,  how- 
ever, this  is  not  so  important  j  in  fact,  if  a  metal  of  high  specific 
resistance  is  then  used,  the  wire  must  be  comparatively  thick, 
otherwise  it  would  be  so  short  that  very  great  difficulty  would  be 
experienced  in  making  the  coils  of  exactly  the  right  resistance, 
because  a  considerable  difference  would  be  caused  by  a  small 
error  in  the  length  of  the  wire.  In  all  cases,  however,  there  is 
the  great  advantage  in  the  case  of  a  thick  wire,  that  a  given 
amount  of  heat  raises  its  temperature  to  a  less  extent  than  it  would 
a  thinner  wire. 

Copper  is  very  unsuitable  for  resistance  coils  on  account  of  its 
great  variation  in  resistance,  and,  as  its  specific  resistance  is  low, 
it  would  be  necessary  to  employ  either  a  very  long  or  a  very  fine 
wire  to  make  a  coil  of  high  resistance. 

Taking  into  consideration  cost,  durability,  high  specific  resist- 
ance, and  low  temperature  error,  German  silver  is  undoubtedly 
the  most  useful  material  for  the  purpose  ;  and  it  is  consequently 
Dsed  more  frequently  than  anything  else. 

A  single  resistance  coil— such,  for  example,  as  a  standard  coil, 
w  one  designed  for  some  other  special  purpose — is,  after  having 
'^een  carefully  wound  on  an  ebonite  or  boxwood  bobbin,  usually 
HKwnted  in  a  wooden  case  or  box,  furnished  with  an  ebonite 
cover.  Two  brass  blocks  or  plates,  to  which  the  ends  of  the 
^e  are  soldered,  are  screwed  on  to  the  under  side  of  this  cover. 
Connection  with  the  external  circuit  is  made  by  means  of  terminals 
fi^  on  the  top  of  the  case,  and  connected  electrically  with  the 
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plates  underneath.    The  form  of  terminal  employed  is  a  niatterof 

more  importance  than  it  is  usually  considered  to  be,  for  the  con- 
tact surfaces  at  the  junction  of  two  conductors,  or  two  parts  of  the 
same  conductor,  always  offer  some  resistance,  and  if  these  sur&ces 
are  oxidised  or  dirty,  or  if  the  contact  is  not  firm,  this  resistance 
will  probably  be  considerable.  It  is  for  this  reason  that  the  form 
of  terminal  or  binding-screw  shown  in  fig.  3  is  open  to  serious 
objection,  the  contact  being  as  a  rule  uncertain.  Such  terminais, 
in  which  dependence  for  good  contact  has  really  to  be  made  upon 
tlie  end  of  a  screw  (frequently  pointed  as  if  to  accentuate  the  evil), 


should  be  eschewed,  at  least  for  small  wires  or  such  as  can  be 
readily  bent  with  the  fingers.      A  much  better  and  more  reliable 
terminal  is  that  shown  in  fig.  4,  where  the  wire  is  clamped  between 
a  fixed  base  and  a  screw  nut.     In  tightening  the  nut,  a  rubbing 
effect  is  produced,  which  assists  in  removing  any  superficial  dirt 
either  on  the  wire  or  on  the  terminal,  and  so  tends  to  ensure  good 
and  steady  contact.     When  using  this  terminal  the  wire  should  be 
bent  round  the  screw  shaft,  otherwise  there  will,  in  tightening  up, 
be  a  risk  of  bending  the  shaft.     With  the  large  wires  used  in   I 
electric  lighting  it  is  inconvenient  and  sometimes  impracticable  to    I 
bend  the  wire.     In  that  case  the  first -mentioned  type  of  temiioal,   I 
fig,  3,  or  a  modification  of  it,  is  resorted  to. 

As   it   more  generally  ha[)pens  that  a  number  of  coils  are 
required  10  be  so  put  together  that  the  resistance  to  be  introduced 
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into  any  particular  circuit  can  be  varied  at  will  from  the  zero  to 
the  maximum,  special  devices  have  to  be  employed  to  obtain  this 
result  with  the  smallest  possible  waste  of  time.     Fig.  5  shows  the 


Fig.  5. 


best  method  of  casing  a  number  of  coils  of  various  resistances  ; 
all  the  coils  are  joined  in  series,  and  the  junction  of  each  pair  is 
soldered  to  the  bottom  of  a  brass  block,  as  shown  in  the  figure, 
great  care  being  taken  in  winding  to  ensure  the  absence  of  contact 
or  leakage  between  one  portion  of  the  wire  and  another.    The 
bobbins  are  fixed  to  the  under  side  of  the  ebonite  top  of  the  case, 
the  wires  being  connected  to  the  brass  blocks  ^,  ^,  Cy  d^  e,  which 
are  firmly  fixed  to  the  upper  side  of  the  ebonite,  the  adjacent  ends 
of  the  various   blocks    being  turned  out  to  receive  a  slightly 
tapered  or  conical  brass  plug.    The  end  blocks  are  fitted  with 
terminal  screws,  T|  and  T2,  to  which  any  extraneous  wires  can  be 
connected.     Now,  if  a  wire  leading  from  the  copper  pole  of  a 
battery  is  joined  to  a  terminal,  t,,  and  another  from  the  zinc  pole 
to  Tj,  a  current  will  flow  through  the  resistance  box,  starting 
from  the  left-hand  block  a  and  passing  through  the  resistance 
coil  No.  I  to  the  second  brass  block  b.     Here  it  has  two  paths 
open  to  it ;  one  through  the  coil  No.  2,  of  comparatively  high 
resistance,  the  other  through  the  brass  plug  p,  which  has,  practi- 
cally, no  resistance  at  alL    All  the  cunent  will  therefore  pass  by 
fe  latter  path,  and  none  through  the  coil,  which  is  said  under 
^ese  circumstances  to  be  *  short-circuited  '  by  the  plug  p.     The 


32  Electrical  Engineering  cSaf.  n. 

current  must  pass  through  the  coils  3  and  4  before  it  reaches  the 
terminal  T2. 

The  brass  plug,  which  should  be  furnished  with  an  ebonite 
cap  or  top,  must  be  carefully  tapered  to  fit  the  hole  exactly. 
Should  there  be  the  slightest  shake,  or  should  there  be  any  dirt  (x 
grit  on  the  blocks  or  on  the  plug  itself,  the  contact  will  be  uncer- 
tain and  the  resistance  variable.  When  properly  made,  the  plug, 
on  being  inserted  with  some  pressure  and  a  slight  twist— say  to 
the  right — should  fit  so  thoroughly  that  on  raising  it  the  resist- 
ance box  should  be  lifted  with  it.  To  remove  the  plug  it  should 
be  necessary  to  first  loosen  it  by  giving  a  slight  twist  to  the 
left  The  lower  and  the  two  vertical  edges  or  comers  of  the 
blocks  should  also  be  filed  away  to  give  a  larger  ebonite  insulating 
surface  between  the  blocks  and  to  allow  this  surface  to  be  kept 
clean.  This  arrangement  is  necessary  in  order  to  prevent,  as  fan 
as  possible,  any  short-circuit  being  caused  by  the  accumulation  of 
dust  and  dirt. 

Resistance  coils  fitted  in  this  way  can  easily  be  put  in  or  taken 
out  of  the  circuit,  by  withdrawing  or  inserting  plugs  between  the 
brass  blocks  to  which  the  ends  of  the  various  coils  are  soldered 
It  is  hardly  necessary  to  remark  that  the  surfaces  of  contact  shouki 
not  be  lacquered,  but  should  be  kept  bright  and  clean. 

Resistance  coils  are  frequently  used  in  conjunction  with  and 
in  the  immediate  vicinity  of  delicate  measuring  apparatus  in  which 
a  sensitive  magnetised  needle  is  employed.  If,  in  such  cases,  the 
coils  are  wound  continuously  on  the  bobbin,  or  in  the  same 
manner  as  a  solenoid,  an  electro-magnetic  field  of  force  will  be 
set  up  immediately  a  current  is  sent  through  the  coils,  which  may 
be  sufficiently  strong  to  impart  motion  to  the  needle.  If  the 
instrument  is  being  employed  to  measure  the  current  passing 
through  the  resistance,  or  any  effect  of  that  current,  serious  errofl 
may  therefore  be  introduced  by  the  direct  effect  of  the  coils  upon 
the  needle.  Again,  as  we  shall  see  later  on,  it  is  impossible  to 
start  or  stop  a  current  in  a  solenoid  suddenly,  because  work  is 
done  and  time  occupied  in  establishing,  and  again  in  disestablish' 
ing,  the  electro-magnetic  field.  These  are  serious  defects,  and  it 
is  fortunate,  therefore,  that  the  remedy  is  simple. 

To  obviate  the  difficulty  it  is  only  necessary  that  the  wire 
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should  be  wound  'double'— that  is  to  say,  the  required  length 
should  be  measured  off  and  then  doubled  in  the  middle,  the  two 
halves  being  wound  on  together.  The  meaning  of  this  will 
perhaps  be  more  apparent  on  referring  to  the  illustration  (fig,  5). 
The  double  winding  is  more  easily  managed,  especially  with  long 
coils,  bywinding  the  two  halves  off  two  separate  spools  or  bobbins 
and  soldering  the  inner  ends  together.  In  either  case  the  two 
extremities  of  each  coil  are  brought  out  together.  We  have  thus 
two  similar  helices  or  solenoids  carrying  currents  equal  in  strength 
but  opposite  in  direction.  The  consequence  is  that  the  disturbing 
effect  which  would  be  produced  by  one  solenoid  is  counteracted 
or  iKQtialised  by  the  opposite  effect  which  would  be  due  to  the 
other. 

When  the  coils  to  be  enclosed  in  a  box  are  numerous,  it  is 
inctKivenient  to  place  thera  in  one  long  row  and  thus  make  a  long 
tarrow  box.  It  is  preferable  to  arrange  them  in  two,  three,  or 
nore  parallel  rows,  connecting  these  rows  together  by  brass  blocks 
md  plugs,  as  indicated  in  fig.  6.    The  centre  of  each  block  should 


»ko  be  provided  with  a  tapcrtd  hole  of  the  same  size  as  those 
between  the  blocks  m  order  that  the  plugs  may  be  placed  in 
tem  when  not  in  use  for  short  circuitmg  the  coils  It  is  most 
mportant  that  all  the  holes  and  all  the  plugs  should  be  of  exactly 
Jie  same  dimensions,  so  that  the  plugs  may  be  interchangeable, 
DT  that  any  one  plug  may  be  used  for  any  of  the  holes.  Failing 
this,  considerable  inconvenience  and  risk  of  error  would  speedily 
ensue,  for  then  there  would  be  a  particular  plug  for  each  hole, 
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and  very  great  difficulty  .ould  be  experienced  in  using  them  and 

Iteeping  them  in  their  proper  places.  v™„,  i. 

Another  very  useful  form   of  res;.t.nce-box  or   rheostat  «. 

sho."n  fig.  ,.     The  coils  are  placed  Inside  a  round  bn»s  ca« 


or  box  provided  ..th  an  ebon.te  top  and  mounted  on  a  "^'^^ 
or  bftP'"""  ^     f        „hms  resistance,  are  connected  1. 

de"  n  ^"dS  ieel  p;>mtsVo,ect,ng  through  the  ebonite  tops, 
eleven  rounoeu  r  ^^  ^^^^  res.stana 

the  m'trutnent      T_»  "f'  „'„  ,^,  „,k„  b„r  „f  ,he  top  si* 

are  connected  to  the  -Ke^P"  ^_^„^  „^  „„„„,^  „  j. 

s'      blS"  fixed  on  "he  Le  of  the  mstrumen.  and  resemblir, 

toted  by  the  usual  br«  plugs     buppos.ng  the  current- 

enW  by  the  r,ght  band  term.n.l,  U  ..11  pass  to  the  nearest  hW 

bS    then  through   the  co.l.  of  4=0,'    ",  ^'l  ■<>   <»""=    j 
block    then  tnros  ^  between  the  respecuvtl 

'bS  .rthetfs,  block  ncrest  to  the  left  ,„nd  terminal.    % 

blocks),  to  in  ,„,„,„ed  «irc  under  or  in  the  base  1* 

rrnlmcStoEero  stud  on  the  nght  hand  side,  whence  tt! 

.  This  coil  is  usually  made  of  4,«»  ohms  resisiaooe. 
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will  pass  through  the  40- ohm  coils  until  it  reaches  the  steel  spring 
carried  by  the  front  brass  arm,  which,  is  movable  over  these  coils 
ind  studs.  Passing  along  this  arm,  which  is  metallic  throughout, 
it  win  enta  the  other  movable  arm  and  thence  pass  to  the 
4«KduD  coils.  Leaving  at  the  zero-stud  of  these  400-ohm  coils 
on  the  left-hand  side,  it  will  pass  by  a  thick  wire  direct  to  the  left- 
haod  tenntnal  and  so  to  the  other  part  of  the  circuit  The  two 
inns  can  be  readily  moved  round  over  the  steel  studs  or  points, 
so  that  the  range  of  one  arm  is  from  o  to  400  ohms,  and  that  of 
tbeotberliDmo  to  4,000  ohms.  The  total  resistance  in  circuit 
with  tlie  aims  as  shown,  and  all  three  plugs  in,  is  3,880  ohms. 
Although  it  is  a  great  advantage  that  the  resistance  can  be  very 
readily  raried,  the  instrument  is  somewhat  objectionable  for 
delicate  measuring  purposes,  as  the  springs  are  apt  to  get  weak 
«nd  the  contact  unreliable,  the  resistance  then  becoming  variable. 
Attotber  method  of  casing  and  joining  up  resistance  coils  is 
ihown  in  figs.  8  and  9.    a  (tig.  8)  is  a  circular  brass  plate ;  b,c,d 


ire  brass  blocks.  A  tapered  hole  is  provided  between  each  ol 
•"esc  outer  plates  and  the  plate  a  for  the  usual  conical  plug. 
^1  T,  are  the  terminal  screws,  the  latter  of  which  is  permanently 
onnected  to  the  brass  plate  a.  One  end  of  each  of  the  three 
oils  is  soldered  to  terminal  t,,  and  the  other  end  of  each  to  one 
n  other  of  the  outer  brass  blocks.  When  it  is  desired  to  insert 
n  the  circuit  one  of  the  resistance  coils,  the  plug  is  placed  in  the 


36  Electrical  Engineering  chap.h 

hole  which  is  between  the  block  connected  to  that  coil  and  the 
plate  A, 

Thus  the  action  is  the  reverse  of  that  described  in  the  last 
method,  for  here  we  insert  a  plug  to  insert  resistance,  removing  it 
to  cut  out  the  resistance.  Only  one  coil  can,  however,  be  used 
at  a  time  ;  and  if  the  plug  is  placed  between  terminals  t,  and  t, 
the  whole  box  is  short-circuited.  Fig.  9  shows  a  box  of  coils 
connected  according  to  this  method.  It  is  designed  for  use  with 
a  galvanometer  as  a  set  of  'shunt  coils,'  having  respectivdy 
i>  ^V*  ^^^  F77  ^^  ^^^  resistahce  of  the  galvanometer.  (The  natuie 
and  applicability  of  shunt  coils  will  be  dealt  with  in  Chapter  IV.) 

For  general  use  as  well  as  for  accurate  measurements,  the  fona 
of  resistance-box  shown  in  figs.  5  and  6  should  be  used.  But 
where  a  means  of  rapidly  varying  the  resistance  is  necessary,  the 
form  shown  in  fig.  7  is  often  employed.  As  we  have  alreai 
remarked,  lesistance  varies  considerably  with  temperature,  wh 
every  set  of  coils  should  have  marked  on  the  case  the  temperai 
at  which  they  were  measured.  Then  for  very  accurate  tests 
may  either  be  brought  to  that  temperature  or  a  correction 
in  the  reading,  but  in  any  case  it  is  known  whether  any  great 
is  likely  to  be  caused  by  using  them  at  any  particular  temperai 

It  sometimes  happens,  however,  that  sets  of  resistance  coils 
required  merely  for  the  purpose  of  dissipating  a  certain  amount 
electrical  energy.  For  instance,  it  becomes  neces:>ary,  whtti 
employing  some  dynamo-electric  machines,  to  reduce  the  electridl 
output  in  response  to  a  correspondingly  reduced  demand  madtj 
upon  it  by  the  external  circuit ;  and  this  can  be  done  by  joinin|| 
extra  resistance  in  series  with  the  magnet  coils,  and  allowing  somej 
of  the  power  to  be  expended  in  heating  this  extra  resistance,  toj 
such  cases  it  is  not  necessary  to  know  exactly  the  value  of  thcj 
resistance  in  ohms,  but  it  must  be  divided  into  a  number  of  apH 
proximately  uniform  sections,  so  that  its  value  can  be  changed 
gradually.  As  the  currents  employed  are,  in  such  cases,  vcif 
powerful,  it  is  important  that  the  coils  should  be  able  to  withstaol 
a  considerable  rise  in  temperature  without  being  in  any  way  in- 
jured. The  wire  must  therefore  be  left  bare,  so  that  the  hetf 
generated  can  be  dissipated  by  radiation  and  convection.  We* 
the  wire  to  be  covered  with  any  insulating  material,  the  dissipatioi; 
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by  botb  these  processes  would  be  impeded,  and  there  would  be 
ibe  further  disadvantage  that  this  sheathing  would  be  sooner  or 
later  damaged,  if  not  destroyed.  The  wire  should  be  of  a  metal 
»hich  has  a  fairiy  high  specific  resistance  and  fusing  point,  and 
should  not  be  liable  to  deterioration  by  combining  with  atmo- 
spheric oxygen.  For  these  reasons,  German  silver  and  tinned 
or  galranised  iron  are  usually  employed,  but  in  special  cases 
platinoid  is  resorted  to.  It  is  essential  to  select  for  the  supporting 
iTame  a  material  which,  while  stroi^,  is  also  non- in  flammable  and 


*  good  insulator,  with  the  smallest  possible  power  of  condensing 
""nospheric  moisture  upon  its  surface.  In  fig.  10  is  shown  such 
1  set  of  lesiatances,  constructed  by  Messrs.  (ktolden  &  Co.,  and 
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suitable  for  carrying  very  heavy  currents.  There  are  two  cast-iron 
end  frames,  which  are  hollow  and  have  slate  slabs  fitted  into  them, 
these  slabs  being  held  in  position  by  bolts  which  pass  through 
both  the  slate  and  iron  frame.  The  slabs,  projecting  inwards  from 
the  frames,  carry  a  series  of  brass  bolts  and  nuts,  on  to  which  are 
fixed  the  ends  of  spirals  of  bare  German-silver  wire.  Slate  is  an 
effective  insulator  for  the  purpose,  and  the  device  of  passing  the 
connecting  bolts  right  through  it  and  securing  them  with  nuts, 
instead  of  trusting  to  a  screw-thread  cut  in  the  material,  renders  it 
mechanically  satisfactory.  The  frame  is  completed  and  made 
rigid  by  a  pair  of  iron  rods  which  are  secured  to  the  cast-iron  ends. 
The  whole  of  the  spirals  are  joined  in  series,  the  terminals  for  con- 
nection to  the  external  circuit  being  fixed  on  to  the  slate  through 
holes  in  the  bottom  end-frame.  The  left-hand  terminal  is  joined 
to  the  bottom  of  the  left-hand  spiral,  while  the  right-hand  ter- 
minal is  connected  to  the  lever  of  a  switch  which  passes  over  nine 
contact  pillars  rising  from  the  slate  bed  through  an  opening  in  the 
frame.  These  pillars  are  connected  to  the  lower  junctions  of  the 
spirals,  and  by  altering  the  position  of  the  switch  the  spirals  can 
be  cut  in  or  out  of  circuit,  in  pairs,  as  desired.  The  iron  frames 
are  12  inches  in  width,  the  length  being  varied  up  to  about 
2  feet  6  inches  by  the  employment  of  connecting  rods  of  different 
lengths.  A  set  of  resistances  similar  to  that  illustrated  is  capable 
of  dissipating  about  1,000  watts  without  undue  heating. 

We  have  seen  that  whenever  a  current  of  electricity  flows,  a 
certain  amount  of  energy  is  expended  ;  and  it  is  necessary  to  be 
able  to  measure  exactly,  the  amount  of  energy  so  expended  in  any 
circuit  or  in  any  part  thereof.  The  quantity  of  work  performed  in 
raising  a  mass  of  one  pound  through  a  difference  of  level  of  one 
foot  against  the  force  of  gravity,  is  generally  taken  as  the  unit  of 
mechanical  energy  and  is  known  as  the  foot-pound.  The  work 
done  in  raising  any  mass  through  any  height,  is  found  by  simply 
multiplying  together  the  number  of  pounds  in  that  mass  by  the 
number  of  feet  through  which  it  is  lifted.  Somewhat  similarly  we 
can  take  as  the  practical  unit  of  electrical  energy,  the  amount 
expended  in  transferring  a  unit  quantity  of  electricity  (one 
coulomb)  through  a  difference  of  potential  of  one  volt.  And  by 
multiplying  the  number  of  coulombs  which  have  flowed  from  one 
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point  to  another  by  the  difference  of  potential  in  volts  between 
those  points,  we  obtain  the  number  of  units  of  electrical  energy 
expended  during  the  passage  of  the  current.  The  unit  of  elec- 
trical energy,  or  one  coulomb  multiplied  by  one  volt,  is  called  the 
joule.  As  a  simple  numerical  example  we  may  suppose  a  current 
of  10  amperes  to  flow  for  5  seconds,  then  the  quantity  of  electricity 
passing  through  the  circuit  would  be  50  coulombs,  and  if  this 
current  were  maintained  by  a  potential  difference  of  8  volts,  the 
amount  of  energy  expended  in  that  time  would  be  8  x  50  =  400 
joules. 

As  a  rule  we  wish  to  know  the  rate  at  which  work  is  being 
done  in  any  circuit,  rather  than  the  amount  which  is  done  in  a 
given  time.  It  is  evident  that  this  rate  can  always  be  found  by 
dividing  the  amount  of  work  by  the  number  of  seconds  taken  for 
its  performance,  but  the  same  result  can  be  arrived  at  by  multiply- 
ing together  the  potential  difference  and  the  rate  of  transference  or 
flow  of  electricity,  instead  of  the  quantity  actually  transferred  in  a 
given  time.  Now  the  rate  of  flow  of  electricity  is  what  we  know 
as  the  current  strength,  which  is  measured  in  amperes.  There- 
fore, if  the  difference  of  potential  in  volts  between  any  two  points 
is  multiplied  by  the  resulting  current  in  amperes,  the  product  gives 
the  rate  at  which  energy  is  being  expended,  or  the  rate  of  working 
between  those  two  points.  The  unit  rate  of  working  or  the  unit 
of  power  is  called  the  a/^//— that  is  to  say,  i  ampere  x  i  volt  = 
X  watt.  Therefore,  if  a  difference  of  potential  of  20  volts  between 
the  ends  of  a  wire  maintains  a  current  of  3  amperes,  the  rate 
of  working  is  3  x  20  =  60  watts. 

It  is  desirable  that  the  relation  between  mechanical  and  elec- 
trical rates  of  working  should  be  understood.  The  mechanical 
unit  is  termed  the  'horse-power,*  and  is  equal  to  that  rate  of 
working  which,  if  continued  for  one  minute,  would  expend  33,000 
foot-pounds  of  energy,  or  raise  33,000  pounds  one  foot  in  height. 
One  horse-power  is  equal  to  746  watts,  so  that,  having  calcu- 
lated the  number  of  watts  absorbed  in  any  particular  case,  on 
dividing  this  number  by  746  we  get  the  rate  of  working,  or  rate  of 
loss  of  energy,  expressed  in  horse-power.  This  power  of  746  watts 
is,  therefore,  frequently  referred  to  as  the  electrical  horse-power. 

Subsequent  to  the  passing  by  Parliament  of  the  Bill  making 
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the  Board  of  Trade  the  arbiters  of  the  destinies  of  electric  lighting 
concerns,  the  Board  selected  a  larger  practical  unit  of  electrical 
power.  It  is  known  as  the  Board  of  Trade  unit,  and  is  equal  to 
i,ooo  watts,  or  the  power  expended  by  i,ooo  amperes  at  a  potential 
difference  of  i  volt.  A  convenient  name  for  this  unit  is  the  kilo- 
watt. 

The  units  described  in  this  chapter  are  those  which  are,  and 
which  will  continue  to  be,  employed  in  practice  by  the  electric 
lighting  engineer.  No  effort  should  therefore  be  spared  to  master 
the  simple  relation  existing  between  the  ampere,  volt,  ohm,  horse- 
power, &c. 

But  it  is  advisable  to  know  the  method  by  which  the  various 
electrical  units  have  been  evolved,  for  they  have  not  been  selected 
arbitrarily,  like  the  pound,  yard,  and  gallon,  but  are  built  up  on 
the  fundamental  conceptions  of  length,  time,  and  quantity   of 
matter,  and  are  inseparably  linked  together.     Perhaps  the  simplest 
measurable   quantity  which  we  can  conceive  is  that  of  length, 
and  in  deciding  upon  a  unit  of  length  an  effort  was  made  to 
select  some  unalterable  natural  distance.     The  length  of  an  earth 
quadrant— that  is,  the  distance   from  the  equator  to  the    |x>1e 
along  a  meridian — was  agreed  upon,  and  one  ten-millionth  part  of 
this  taken  as  the  practical  standard  of  length,  and  called  a  metre. 
The  original  measurement  of  the  earth  quadrant  proved  to  be  con- 
siderably in  error,  and  consequently  the  simple  relation  between 
it  and  the  metre  was  upset.     But  the  metre  thus  determined  is 
retained  as  the  standard  of  length,  and  one  hundredth  part  of  this 
length,  called  one  centimetre,  is  taken  as  the  basis  of  the  units 
upon  which   the  system  now  to  be  briefly  described  has  been 
reared.     A  square  centimetre  is  the  area  contained  in  a  square 
each  of  whose  sides  is  one  centimetre,  and  a  cubic  centimetre  is 
the  volume  contained  in  a  cube  each  of  whose  edges  is  one  centi- 
metre in  length. 

The  next  unit  required  is  that  of  mass,  or  quantity  of  matter, 
and  it  should  be  remembered  that  the  force  of  gravity  acts  upon 
every  body  in  exact  proportion  to  its  mass,  or  the  quantity  of 
matter  in  it,  independently  of  its  size  ;  therefore,  what  we  know 
as  the  weight  of  any  substance  is  exactly  proportional  to  its  mass. 
The  unit  of  mass  is  called  the  gramme.    It  is  equal  to  the  mass 
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contained  in  a  cubic  centimetre  of  pure  water  at  its  maximum 
density,  Le.  at  4**  Centigrade. 

The  third  unit,  that  of  time,  is  called  the  second.  It  is  the 
length  of  time  known  in  England  by  that  name,  and  is  the  86,400th 
part  of  a  mean  solar  day. 

The  great  value  of  a  system  built  upon  such  units  as  those 
described  is  that  it  is  always  possible  to  recover  any  one  of  them, 
and  so  reconstruct  or  verify  the  system  if  necessary,  although  the 
process  is  no  doubt  difficult  and  tedious.  The  term  *  absolute ' 
has  been  applied  to  such  a  system,  but  it  is  not  easy  to  see  the 
precise  application  of  the  word  here.  It  is  usual,  and  certainly 
for  better,  to  refer  to  it  as  the  centimetre-gramme-second,  or  the 
CG.S.,  system. 

The  next  conception  in  order  of  simplicity,  is  that  of  the  rate 
at  which  a  mass  of  matter  changes  its  relative  position,  or  the 
velocity  with  which  it  moves.  Velocity  is  estimated  by  dividing 
the  distance  in  centimetres  through  which  a  body  moves  by  the 
time  in  seconds  taken  to  travel  that  distance.  The  unit  is  a 
velocity  of  one  centimetre  per  second. 

A  mass  of  matter  cannot,  by  any  property  belonging  to  it, 
change  its  position  or  its  state  of  rest  or  motion,  by  itself.  That 
which  is  competent  to  move,  stop,  or  vary  the  motion  of  a  mass 
of  matter  is  called  force,  and  the  greater  the  force,  and  the  longer 
the  time  during  which  it  acts,  the  greater  will  be  the  increase  or 
decrease  in  the  velocity  of  a  given  mass.  The  unit  of  force  is 
called  the  dyne  ;  one  dyne  is  that  force  which,  by  acting  upon  a 
DMss  of  one  gramme  during  one  second,  can  impart  to  it  a  velocity 
of  one  centimetre  per  second. 

When  the  position  of  a  body  is  changed  in  opposition  to  any 
resisting  force,  work  is  done  or  energy  expended,  the  amount  being 
estimated  by  multiplying  together  the  force  overcome  and  the 
distance  through  which  it  is  overcome.  The  unit  of  work  is  called 
the  *crg,*  and  is  that  work  done  when  a  force  of  one  dyne  is  over- 
come through  a  distance  of  one  centimetre  ;  the  energy  expended 
is  in  every  case  equal  to  the  work  done,  therefore  the  erg  is  also 
the  unit  of  energy.  We  have  seen  that  the  practical  unit  of  work, 
or  expenditure  of  energy,  is  the  joule ;  and  one  joule  is  equal  to 
ten  million  ergs.    Consequently,  the  practical  unit  of  power,  or 
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rate  of  doing  work,  called  the  watt,  is  equivalent  to  ten  million 
ergs  per  second. 

Current  strength  is  measured  by  the  quantity  of  electricity 
which  flows  past  any  point  in  a  circuit  per  second.  The  unit  is 
that  current  strength  which,  when  one  centimetre  of  its  path— 
that  is  to  say,  one  centimetre  of  the  conductor  carrying  the  current- 
is  curved  into  an  arc  of  one  centimetre  radius,  exerts  a  force  of  one 
dyne  upon  a  unit  magnet  pole  placed  at'  its  centre.  The  condi- 
tions of  this  unit  will,  however,  be  better  understood  after  study- 
ing Chapter  IV.  The  practical  unit  which  is  called  the  'ampere' 
is  equal  to  one-tenth  of  this  so-called  *  absolute '  unit 

The  unit  quantity  of  electricity  is  that  quantity  conveyed  by 
unit  current  in  unit  time.  The  practical  unit,  the  coulomb,  is 
therefore  also  one-tenth  of  the  absolute  unit. 

The  unit  difference  of  potential  between  two  points  exists  when 
one  erg  of  work  has  to  be  performed  in  urging  one  unit  of  elec- 
tricity against  the  electric  force,  or  when  one  erg  is  expended  by 
the  flow  of  one  unit  of  electricity  from  one  point  to  the  other.  The 
volt  or  practical  unit  is  100,000,000  times  the  absolute  unit 

Unit  resistance  exists  when  unit  difference  of  potential  causes 
unit  current  strength  to  flow  through  it.  It  follows,  therefore, 
that  the  ohm  is  equal  to  1,000,000,000  absolute  units.  The  units 
which  chiefly  claim  our  attention  are  those  of  current,  quantity, 
potential  difierence,  and  resistance.  It  is  not  possible  to  provide 
an  invariable  physical  standard  of  either  of  these  except  resistance, 
which  fact  to  a  certain  extent  increases  the  importance  attached 
to  the  unit  of  resistance.  As  has  been  pointed  out,  a  reliable 
physical  standard,  in  the  form  of  a  column  of  mercury  of  certain 
dimensions,  has  been  selected  to  represent  the  ohm. 
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CHAPTER  III. 


PRIMARY  BATTERIES. 


A  CURRENT  of  electricity  can  be  maintained  in  a  number  of  ways. 
One  of  these  is  by  means  of  primary  cells.  A  primary  cell  con- 
sists of  a  vessel  containing  a  saline  or  acidulated  solution,  in  which 
are  immersed  two  solid  conducting  bodies,  one  of  which  is  more 
assailable  than  the  other  by  the  liquid.  When  two  or  more  cells 
are  joined  tc^ether  to  increase  the  effect,  the  combination  is  known 
aa  SL  battery. 

Primary  cells  can  be  divided  into  two  classes,  viz.  (a)  single- 
fluidy  on  those  in  which  only  one  solution  is  used,  and  (d)  double- 
fluid,  or  those  in  which  two  solutions 
are  employed. 

The  single-fluid  cells  are  typified 
by  the  *  simple  cell,'  which  was  referred 
to  on  page  2,  and  which  consists  of 
a  glass  or  earthenware  vessel  (fig.  11) 
nearly  filled  with  water  acidulated  with 
a  small  proportion  of,  say,  sulphuric 
acid,  and  containing  a  piece  of  zinc,  a, 
and  a  piece  of  copper,  b.  On  connect- 
ing the  plates  by  a  piece  of  wire,  c'  c, 
and  thereby  causing  the  current  to  flow,  the  surface  of  the  zinc 
is  attacked  and  sulphate  of  zinc  is  formed,  hydrogen  gas  being 
liberated  at  the  surface  of  the  plate  b. 

This  reaction  may  be  represented  by  an  equation,  thus  : — 

Zn    +    SO4H8    =    S04Zn    +    H, 

Zinc.  Sulphuric  acid.    Sulphate  of  zinc.   Hydrogen. 

No  chemical  effect  whatever  is  produced  on  the  surface  of  the 
plate  B,  and  it  may  here  be  noticed  that  the  plate  which  is  more 
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or  less  dissolved,  is  called  the  positive  plate,  the  other  being  called 
the  negative  plate.  Chemical  action  may  be  supposed  to  take 
place  throughout  the  entire  length  of  the  liquid  or  the  distance 
between  the  plates,  but  it  is  not  manifest  except  at  the  surfaces  of 
the  plates,  and,  for  convenience'  sake,  it  may  be  said  to  commence 
at  the  positive  plate — that  is  to  say,  the  acid  particles,  or,  more 
correctly  speaking,  molecules  in  .contact  with  the  zinc  plate  may 
be  assumed  to  be  the  first  decomposed,  the  hydrogen  thus 
liberated  attacking  the  next  succeeding  acid  molecules  in  a  similar 
manner.  Hydrogen  is  again  liberated,  which  again  in  its  turn 
decomposes  the  adjacent  acid  molecules.  A  series  of  decom- 
positions and  recompositions  is  thus  propagated  throughout  the 
entire  liquid  by  a  process  of  repetition,  molecule  for  molecule, 
resulting  finally  in  the  deposition  of  the  free  hydrogen  on  the 
copper  or  negative  plate.  As  the  hydrogen  thus  deposited  does 
not  enter  directly  into  chemical  union  with  any  of  the  simple 
metals,  it  remains  in  the  gaseous  state.  The  resultant  changes 
present  the  appearance  of  the  acid  alone  being  affected,  while  the 
water  remains  constant  and  unchanged.  The  action  may  be 
expressed  in  chemical  formulae,  thus  : — 

Before  action, 
I  SOTH^  SO^Hj  SO4HJ  SO4H2  SO4H3  I 

Zinc  or  +  Copper  or  — 

In  action. 


I  SO4  H2SO4  H2SO4  H2SO4  H2SO4  Ha  I 

Zinc  or  +  Copper  or  — 

The  hydrogen  is  here  released  in  a  definite  ratio  to  the  amount 
of  zinc  dissolved.  In  fact,  we  may  take  it  as  an  established  law 
that  the  ratio  between  the  weight  of  zinc  dissolved  and  that  of 
the  hydrogen,  &c.,  released  by  the  passage  of  the  current,  is 
invariable,  and  that  this  ratio  is  dependent  upon  their  respective 
electro-chemical  equivalents. 

We  see  by  the  above  equation  that  for  every  atom  or  equiva- 
lent of  zinc  dissolved  or  converted  into  sulphate  of  zinc,  two 
atoms  of  hydrogen  are  liberated.  An  atom  may  be  defined  as  the 
smallest  possible  quantity  of  any  substance  capable  of  entering 
into  or  passing  out  of  combination  ;   and  it  will  be  seen,  on 
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referring  to  the  accompanying  table  of  atomic  weights,  or  of  the 
relative  weights  of  individual  atoms  of  some  of  the  more  important 
substances,  that  an  atom  of  hydrogen  weighs  less  than  one  of  any 
other  substance : — 

Table  of  Atomic  Weights  and  Equivalents. 


1 

Symbol 

and 
Valency 

1 

Electro-chemical 

Elements 

Atomic 
Weight 

Chemical 
Equivalent 

Equivalent 

(Milligrammes 

per  Coulomb) 

Electro-Positive. 

Hfdipg:en   . 

HI 

I* 

I- 

-OT0384 

Potasshim   . 

K» 

39 '04 

3904 

•40539 

Sodium 

Nai 

22-99 

22-99 

•23873 

Ahimiaiuin  . 

A13 

27*3 

9-1 

•C9449 

Magnesium 

Mg« 

23  94 

n-97 

•12430 

Gold   .        .         . 

Au' 

196-2 

65-4 

-679 II 

Silver  .... 

Agi 

107-66 

107-66 

1-11800 

Copper  (Cupric)  . 

Cu' 

63- 

31-5 

•32709 

,,      (Cuprous) 

Cu* 

^3' 

63* 

*654i9 

Mercury  (Mercuric) 

Hg' 

199-8 

99*9 

1-03740 

(Me  curous)  . 

Hg» 

199-8 

199-8 

2*07470 

Tin  (Stannic) 

Sn* 

117-8 

2045 

•305<Ji 

M   (Stannous)    . 

Sn' 

117-8 

589 

•61162 

Iron  (Fentc) 

Fe» 

55*9 

1864 

*I9356 

.,    (Ferrous)      . 

Fe' 

55  "9 

27-95 

•29035 

Nickel 

NH 

58-6 

293 

•30^25 

Zinc    .... 

Zn» 

65* 

32-5 

-33696 

Lead  ...         . 

Pb* 

2o6'4 

103-2 

I  -07160 

ELECTiO-NEGATIVE. 

Oxvgen        .         .         . 
thlonne 

o> 

15-96 

7-98 

•08286 

CI' 

35*37 

35*37 

•36728 

Iodine 

I' 

126-53 

126-53 

1-31390 

Bromine 

Bri 

7975 

7975 

-82812            1 

Xilrogen 

N5 

14-01 

467 

•04849 

It  is  in  consequence  of  this  fact  that  hydrogen  is  taken  as  the 
standard  in  calculating  the  atomic  weights  of  the  various  simple 
or  elementary  bodies.  It  will  also  be  observed  that  an  atom  of 
zinc  weighs  sixty-five  times  as  much  as  an  atom  of  hydrogen. 
The  meaning  of  the  equation,  therefore,  is  that  for  every  sixty-five 
parts  by  weight  of  zinc  dissolved,  two  parts  by  weight  of  hydrogen 
are  liberated  ;  consequently,  if  we  again  regard  the  relative  depo- 
sition of  hydrogen  as  the  standard,  the  weight  of  zinc  dissolved  will 
be  32-5  times  as  much,  or,  in  other  words,  the  electro-chemical 
equivalent  of  hydrogen  being  unity,  that  of  zinc  is  32  -5.    The  equi- 
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valents  of  the  other  elementary  bodies  enumerated  in  the  tabic 
have  been  calculated  in  a  similar  way. 

The  liberated  hydrogen,  in  consequence  of  its  low  specific 
gravity,  exhibits  a  tendency  to  rise  through  the  water  and  escape 
into  the  air.  Only  a  portion,  however,  of  the  gas  escapes  in 
this  way,  a  large  proportion  adhering  to  the  copper  plate  and 
forming,  as  it  were,  a  gaseous  film  over  the  metallic  sur&ce. 
This  accumulation,  due  to  a  variety  of  causes,  is  facilitated  by  the 
opposite  polarities  or  electrical  conditions  of  the  copper  and 
hydrogen  which  cause  a  mutual  attraction  to  set  in.  There  is 
double  effect  of  the  accumulation  which  soon  becomes  apparent, 
for  a  gradual  diminution  in  the  current  sets  in,  consequent  first 
the  decrease  in  the  copper  surface  exposed  to  the  liquid  (whidi 
involves  a  proportional  increase  in  the  internal  resistance  of  the 
cell),  and,  secondly,  on  the  tendency  on  the  part  of  the  positivclf 
electrified  hydrogen  film  to  set  up  a  contrary  current.  Free 
hydrogen  is,  in  fact,  more  positive  than  the  zinc  itself.  When  this 
condition  is  arrived  at,  the  cell  is  said  to  be  polarised.  The  efiea 
of  the  passage  of  a  current  being,  therefore,  a 
reduction  of  the  electro-motive  force  of  the 
cell,  such  a  combination  Is  manifestly  useless 
for  purposes  requiring  a  continuous  and  uniform 

To  overcome  this  really  strong  objection 
Smee  constructed  a  cell  (fig.  1 2),  the  peculiarity 
of  which  consisted  in  the  nature  of  the  surface 
of  the  negative  plate.  It  had  been  ascertained 
that  a  smooth  surface  engenders  a  much  more 
rapid  accumulation  of  hydrogen  than  does  a 
*  roughened  surface.  Accordingly,  he  used  for 
his  native  plate  a  thin  sheet  of  silver  covoed 
with  platinum  in  a  state  of  very  fine  division,  so  that  an  irrqinlar 
surface  was  produced.  So  treated  the  plate  is  known  as  platinised 
silver.  There  are  two  zinc  plates  connected  to  the  same  terminal, 
but  placed  one  on  each  side  of  the  silver,  the  solution  being  1  of 
acid  to  10  of  water.  This  cell,  which  is  still  largely  used,  is 
considerably  more  lasting  than  the  simple  cell ;  the  unevenness  <rf 
the  negative  surface  facilitates  the  ascension  of  the  hydrc^en 
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particles  more  nearly  in  proportion  to  the  rate  of  production.  It 
has  also  a  higher  electro-motive  force  because  of  the  substitution 
for  copper  of  a  more  electro-negative  plate.  This  form  of  battery 
is  useful  where  currents  are  required  for  brief  periods,  but  it  is  far 
from  being  a  constant  cell,  that  is,  one  which  yields  a  continuous 
and  umfarm  current  When,  however,  the  cell  is  put  together  of 
abnonnally  large  proportions,  it  approximates  more  nearly  to  the 
condition  of  a  constant  cell,  and  is  used  as  such  by  many  electro- 
platers. 

The  Smee  cell  is  capable  of  being  manufactured  in  a  very 
compact  form.  The  silver  foil  is  fixed  in  a  frame  made  by  fasten- 
ing together  four  pieces  of  wood  about  half  an  inch  square  in 
section,  the  upper  edge  of  the  foil  being  connected  to  a  brass 
terminal  on  the  top  of  the  frame.  The  plates  of  zinc,  a  trifle 
larger  than  the  foil,  are  placed  against  the  two  sides  of  the  frame 
and  all  three  are  then  clamped  together  by  a  strong  brass  terminal 
or  clamp  which  is  placed  in  contact  with  the  zincs.  The  ad- 
vantage gained  by  this  form  of  construction  is  that  the  internal 
resistance  of  the  cell  is  very  low  ;  first,  because  the  two  zinc  plates 
are  opposite  to  the  two  sides  of  the  foil,  and,  secondly,  because 
the  distance  between  the  foil  and  the  zincs  is  very  small.  The 
wooden  frame  is  necessary,  to  support  the  thin  silver  foil  and  to 
prevent  it  touching  either  of  the  zinc  plates.  Were  there  any 
other  simple  means  of  preventing  this  contact,  the  frame  might 
be  dispensed  with. 

There  is  in  use  at  the  Royal  Observatory  at  Greenwich  a 
remarkably  simple  and  useful  modification  of  the  Smee  cell.  It 
consists  of  a  plate  of  zinc  and  a  plate  of  good  gas-retort  carbon, 
the  upper  portion  of  which  is  rendered  non-porous  by  immersion 
in  hot  parafiSn  wax.  The  solution  is  one  of  dilute  sulphuric  acid, 
the  acid  being,  however,  very  pure.  The  hydrogen  bubbles  can 
be  seen  rising  freely  through  the  solution,  instead  of  adhering  to 
the  uneven  surface  of  the  carbon.  The  resistance  of  the  cell  is 
very  low,  and  its  electro-motive  force,  after  a  few  minutes,  remains 
steady  at  about  half  a  volt. 

A  far  more  important  cell  than  the  Smee  is  the  Leclanch^  (fig. 
13),  in  which  a  zinc  rod,  z,  is  used  as  the  positive  plate,  while  the 
negative  plate  c  takes  the  form  of  a  rod  or  slab  of  gas  carbon,  or 
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of  prepared  carbon.  The  gas  carbon  is  one  of  the  by-prodncts  is 
the  manufacture  of  gas,  and  is  formed  by  the  condensation  of  i 
portion  of  the  carbon  in  the  cooler  portions  of  the  retort.  Tht 
Fic.  I]  prepared  carbon  is  made  by  sub- 

jecting   to   considerable  pressing 
at  a  high  temperature,  a  mimiR 
of  powdered    carbon    and  some 
+  treacly    substance    which  is  em- 
ployed for  cementing  the  caiba 
particles.      The    carbon  plate  ii 
placed  inside  a   vessel  of  pona 
(unglazed)   earthenware,  which  ii. 
then    filled    with    a 
crushed,  but  not  powdered,  carbdi 
and   black    oxide   of 
The  latter  should  be  of  the  '  ni 
or  granular  form,  care  being 
to  exclude  powder  or  dusL 
outer  vessel,  g,  is  generally  of 
which  enables  the  condition  of  I 
cell  to  be  observed  without 
ing  any  of  the  parts.     The  li( 
consists  of  a  saturated  solution  of  sal-ammoniac,  or  chloride' 
ammonium,  the  porosity  of  the  inner  jar  allowing  the  solutita 
diffuse  itself  somewhat  freely,  and  so  to  moisten  the  mixture  i 
carbon  and  black  oxide. 

The  zinc  combines  with  the  chlorine  of  the  sal-ammoniK 
forming  zinc  chloride,  simultaneously  releasing  hydrogen  ani 
ammonia,  which  latter  dissolves  in  the  water  until  a  satunicd' 
solution  is  obtained — that  is  to  say,  until  the  solution  holds  » 
much  as  it  can  support — after  which  it  escapes  as  a  gas  rcadilj 
recognised  by  its  characteristic  odour.  It  may,  however,  be 
remarked  that  water  is  not  saturated  with  ammonia  until 
absorbed  727  times  its  volume  of  the  gas  at  a  temperature  (^ 
155°  C.  or  60°  F.  The  hydrogen,  so  far,  remains  free,  as  shon 
by  the  equation  : — 


Zn    ■ 


2NH, 


Hj 
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It  is,  however,  ultimately  released  inside  the  inner  vessel,  and 
there  it  deprives  the  manganic  oxide  of  some  of  its  oxygen,  forming 
irater  and  sesqui-oxide  of  manganese,  thus  : — 

H2  +  2Mn02  =  OH3  +  MnjO., 

Hydrogen.        Manganic  Water.        Sesqui-oxide  of 

oxide.  mangaaese. 

The  entire  action  may  be  represented  by  a  single  equation, 
thus:— 

Zn  +  2NH4CI  +  2Mn02=ZnCl2  +  2NH3  +  OH-j  +  Mn-^Oj. 

The  action  so  represented  is,  of  course,  similar  to  that  of  the 
simple  cell  or  the  Smee,  in  so  far  as  concerns  the  propagation  of 
the  series  of  decompositions  and  recompositions.  There  is,  how- 
ever, a  subsequent  or  secondary  reaction  between  the  zinc  chloride 
and  the  other  constituents  of  the  solution,  resulting  in  the  forma- 
tion of  what  are  called  double  salts,  which  tend  to  impede  the 
eflScient  working  of  the  cell. 

One  great  advantage  this  battery  has  over  most,  if  not  all  other 
forms,  is  that  it  does  not  in  any  way  deteriorate  by  inactivity, 
unless  the  evaporation  of  the  water  can  be  regarded  in  this  light, 
but  even  that  may  be  prevented.     It  is  no  unusual  experience  for 
these  cells  to  remain  in  work  for  upwards  of  a  year  without  the 
necessity  for  any  attention  whatever,  and  even  then  it  is  probable 
that  a  jug  of  water  is  all  that  is  required.     It  will  be  seen,  from  a 
study  of  the  equations  given  above,   that  the  working  of  the 
battery  results  in   the  gradual  absorption  of  the  zinc,  and  the 
decomposition  of  the  sal-ammoniac,  &c.,  which  accordingly  require 
replenishing  at  times.     A  whitish-yellow  turbidity  in  the  solution 
indicates  the  presence  of  an  excessive  amount  of  zinc  chloride  in 
proportion  to  the  amount  of  sal-ammoniac,  which  latter  should 
then  be  increased,  although  it  would  be  as  well  to  remove  a  por- 
tion of  the  solution  and  then  fill  up  with  water  before  adding  the 
sal-ammoniac. 

Considerable  care  is  taken  in  the  construction  of  this  cell.  As 
both  sal-ammoniac  and  ammonia  are  corrosive  and  attack  copper, 
brass,  &c.,  all  the  exposed  metallic  surfaces  should  be  well  served 
with  gutta-percha,  pitch,  paraffin  wax,  or  some  other  non-corrosive 
and  impervious  material 
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Where  the  batteries  are  made  in  very  large  quantities,  it  is  the 
practice  to  drill  two  small  holes  through  the  upper  extremities  i 
the  carbons,  and,  after  raising  these  ends  to  a  high  temperature, 
to  dip  them  into  melted  paraffin  wax.  They  are  subsequently 
placed  into  a  mould  containing  molten  lead,  a  terminal  or  binding- 
screw  being  cast  into  this  leaden  cap  at  the  same  time.  Tk 
function  of  the  wax  is  to  close  the  pores  in  the  upper  portion  i 
the  carbon,  and  so  to  prevent  the  ammoniacal  solution  fraB 
creeping  up  to  the  terminal  or  leaden  cap.  Lead  is  interposed 
between  the  waxed  carbon  and  the  brass  terminal  because  it  is  the 
least  assailable  of  the  ordinary  metals.  Pitch  is  run  over  the 
carbon-manganese  mixture  to  keep  the  mixture  and  the  catbd 
rod  in  position,  and  to  form  an  impervious  covering,  holes  bdng 
made  in  it,  however,  to  permit  any  hydrogen  or  other  gases  tlflt 
may  be  formed  to  escape.  The  upper  parts  of  the  porous  po^ 
and  the  zinc  rod  and  the  connections,  are  likewise  coated  viA 
pitch.  Sometimes  an  india-rubber  cover  is  made  to  fit  over 
top  of  the  battery,  so  as  to  hold  the  porous  pot  and  the  zinc 
manently  in  position,  and  to  prevent  the  evaporation  of  the 

The  electro-motive  force  of  this  battery  is  nearly  twice  that 
the  Smee,  while,  owing  to  the  large  surface  exposed,  more 
ticularly  at  the  negative  plate,  the  internal  resistance  is  also 
The  cell  is,  however,  only  useful  for  sending  occasional  or  inlfl^ 
mittent  currents,  such  as  are  required  in  electric-bell  work,  h 
fact,  the  chief  objection  to  this  battery  is  the  great  rapidity  irtk 
which  it  polarises  and  so  becomes  temporarily  useless,  owiB( 
probably  to  the  fact  that  hydrogen  is  liberated  faster  than  the 
manganic  oxide  can  be  decomposed.  Consequently,  a  more  or 
less  perfect  film  of  hydrogen  is  deposited  over  the  surface  of  fl« 
carbon.  That  this  is  the  case  is  in  a  measure  demonstrate! 
by  the  fact  that  if  the  cell  is  allowed  to  stand  idle  for  a  btfl 
interval  of  time  it  will  again  yield  its  full  current.  This  intefr 
mittent  action  obviously  limits  very  materially  the  ceU's  sphere  (^ 
usefulness.  The  defect,  although  very  marked  when  the  resistance 
of  the  circuit  is  very  low,  is  reduced  to  a  miniinum  when  tbi 
resistance  is  high,  because  the  current  is  then  feeble  and  tM 
chemical  reactions  proportionately  less.  The  fact  that  the  cofr 
jstituents  of  the  cell  remain  inactive  when  the  cell  is  idle,  is  a  poi< 
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of  very  considerable  importance,  and  is  a  very  useful  feature,  for 
it  means  that  there  is  no  wasteful  action  in  the  battery,  such  as 
we  shall  find  there  is  in  practically  every  other  type  of  battery — at 
least,  in  every  battery  in  which  an  acid  plays  a  part.  Cleanliness 
is,  however,  absolutely  necessary  in  dealing  with  the  Leclanch^, 
or,  indeed,  with  any  other  fomi  of  battery,  and  it  is  essential  that 
the  containing  vessel,  whether  of  glass  or  earthenware,  should  be 
kept  dry  externally.  The  latter  desideratum  is  usually  accomplished 
by  coating  the  upper  portion  of  the  outer  surface  of  the  vessel 
with  pitch  or  some  other  such  substance  as  will  not  permit  the 
liquid  to  'creep'  over  its  surface,  for  the  salt  (sal-ammoniac)  has 
a  strong  tendency  to  crystallise  out.  Should  the  solution  be 
allowed  to  creep,  we  have  to  contend  not  only  with  the  waste  of 
salt  so  occasioned,  but  also  with  the  *  leakage '  of  electricity  that 
would  take  place  over  the  moistened  external  surface. 

There  is  a  modification  of  the  Leclanchd  which  is  of  some 
importance  and  which  is  known  as  the  *  agglomerate '  Leclanch^. 
The  native  element  consists  of  a  carbon  plate  or  block,  having 
In  contact  with  it  blocks  of  agglomerated  carbon  and  manganese. 
The  latter  are  prepared  by  intimately  mixing  40  parts  of  man- 
ganic oxide,  55  parts  of  gas  carbon,  and  5  parts  of  gum  lac  resin, 
*nd  submitting  the  mixture,  placed  in  a  steel  mould,  to  a  terripera- 
hire  of  1 00®  C,  applying  at  the  same  time  considerable  hydraulic 
pressure.  The  result  is  a  solid  compact  mass,  and,  as  the  chief 
fonction  of  the  porous  •  pot  in  the  older  type  is  to  support  the 
ttiixture  of  crushed  carbon  and  manganic  oxide,  it  is  apparent 
that  that  vessel,  which  materially  increases  the  internal  resistance 
of  the  cell,  can  be  dispensed  with.  India-rubber  bands  placed 
round  the  agglomerated  blocks  (which  in  their  turn  embrace  the 
<^bon  block),  keep  the  whole  of  the  compound  negative  element 
together.  In  the  earlier  forms  of  agglomerate  cell,  rectangular 
blocks  of  agglomerated  manganic  oxide  and  carbon  were  held 
against  the  two  faces  of  a  flat  plate  or  block  of  carbon,  and  the 
india-rubber  bands  holding  the  three  blocks  together  were  specially 
made  so  as  to  hold  also  the  zinc  rod,  which  was  of  the  usual  type. 

But  a  much  better  form  is  that  known  as  the  6-block 
aggbmerate  (see  fig.  14),  which  is  very  extensively  used.  The 
Ji^tive  element  consists  of  a  block  of  carbon  with  six  fluted  sides, 
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which  is  capped  with  lead  and  fitted  with  a  terminal  after  the  top 
of  it  has  been  steeped  in  hot  paraffin  wax.  In  each  of  the  sida 
is  laid  a  round  stick  of  the  agglomerated  carhon  and  manganic 
oxide,  the  whole  being  wiaj^ 
round  with  a  piece  of  coaix 
canvas,  and  held  in  position  by 
a  couple  of  stout  india-rabbei 
bands.  The  canvas  does  not, 
of  course,  prevent  intimate  con- 
tact between  the  rods  and  the 
solution,  nor  does  it  appreciaWy 
increase  the  internal  resistance 
of  the  cell,  its  function  being 
simply  to  prevent  pieces  of  the 
agglomerate  rods  falling  out  wid 
'  short- circuiting '  the  cell,  t^ 
joining  the  positive  and  negatiw 
elements  together.  Instead  of 
employing  a  zinc  rod  for  tbt 
■J-  imsitive  element,  a  large  piece  d 
'^  sheet  zinc  (about  j^  inch  thick) 
is  rolled  into  a  cylinder,  the  ap- 
proaching edges  being,  howoo, 
o  apart  to  allow  of  the  free  circula- 
tion of  the  solution.  In  consequence  of  the  very  large  increase  in 
the  amount  oi  surface  thus  exposed  to  the  liquid,  the  intonal 
resistance  is  very  considerably  reduced,  polarisation  being  also  to 
a  great  extent  prevented  or  at  least  impeded.  The  current  pifr 
duced  is  much  more  uniform  than  that  from  the  old  type  Le- 
clanch^.  As  a  matter  of  fact,  when  employed  upon  circuits  offcnng 
high  resistance,  an  almost  constant  current  is  produced,  and,  a* 
the  cell  is  pre-eminently  a  clean  one,  as  the  cost  of  maintenana 
is  very  low,  and  as  there  is  a  total  absence  of  wasteful  action  \WiO 
the  cell  is  idle,  it  is  rapidly  gaining  ground  and  driving  out  of  tht 
market  many  other  types  of  cell,  such  as  the  Daniell  and  the 
Bichromate  (to  be  presently  described).  In  fact,  for  ordinaiy 
work  on  circuits  of  high  resistance,  or  even  for  hard  but  inter- 
mittent work  on  circuits  of  low  resistance,  we  know  of  few,  if  anji 
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serious  objections  to  its  use,  while,  on  the  other  hand,  it  possesses 
the  important  advantages  above  enumerated. 

The  'Standard'  cell  (fig.  15),  invented  by  Mr.  Latimer  Clark, 
is  an  important  one.  It  is  designed  solely  as  a  standard  of  electro- 
motive force,  and  is  largely  employed  for 
puiposes  of  measurement.  It  is  made  in 
a  small  glass  vessel,  such  as  a  short  wide 
test-tube,  a  layer  of  pure  distilled  mercury, 
M,  being  employed  as  the  negative  plate, 
which  covers  the  bottom  of  the  glass  vessel 
to  a  depth  of  half  an  inch  or  so.  Over  this 
\&  placed  the  *  liquid '  or  electrolyte,  which 
consists  of  a  thick  paste,  b,  made  by  mixing 
mercurous  sulphate  with  a  saturated  solution 
of  zinc  sulphate.  The  positive  element  is  a 
rod  of  pure  distilled  zinc,  z,  which  dips  into 
the  paste.  It  is  usual  to  seal  the  battery  by 
means  of  paraffin  wax  or  india-rubber,  s. 
Connection  is  made  with  the  zinc  by  means 
<^i  a  copper  wire,  c,  soldered  to  the  upper 
end  of  the  zinc  rod  passing  through  the  wax  or  rubber  stopper. 
A  platinum  wire,  p,  fused  into  the  bottom  of  the  vessel,  makes 
contact  with  the  mercury. 

It  is  highly  essential  that  the  constituents  of  the  cell  should  be 
absolutely  pure,  hence  the  necessity  for  re-distilling  the  zinc  and 
mercury.  The  mercurous  sulphate  can  be  made  by  dissolving 
pure  mercury,  placed  in  excess,  in  hot  pure  sulphuric  acid.  The 
sulphate  is  an  insoluble  white  powder,  and  should  be  well  washed 
with  distilled  water  before  it  is  mixed  with  the  zinc  sulphate,  to 
remove  any  trace  of  the  mercuric  sulphate  or  of  free  acid.  The 
mercuric  contains  a  larger  proportion  of  mercury  than  the  mer- 
curous sulphate,  and,  on  the  addition  of  water,  imparts  to  it  a 
yellowish  tinge. 

The  chemical  action  which  takes  place  during  the  passage  of 
a  current  is  to  decompose  the  mercurous  sulphate,  adding  the 
mercury  released  to  that  already  in  the  vessel,  an  equivalent  of 
rinc  being  dissolved  off  the  positive  rod. 

The  electro-motive  force  of  this  cell  is  1*435  volts  and  isex^ 
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ceedingly  uniform,  providing  only  a  high  external  resistance,  not 
less  than  1,000  ohms,  is  employed.  If  the  resistance  of  the 
circuit  is  low,  the  current  becomes  proportionally  strong,  Tbe 
mercury  salt  is  not  then  capable  of  being  decomposed  at  a  cont- 
sponding  rate,  whence  polarisation  sets  in  and  the  electro-moiire 
Fic.  16.  force  falls  in  consequence.  The  el ectro- motive  fora 
also  decreases  with  an  increase  of  temperature,  the 
rate  being  about  o-oS  per  cent,  per  degree  Cenb- 

The  commercial  form  of  Clark  cell  constnicted 
after  the  plan  of  Dr.  Muirhead  is  illustrated  in  % 
16.  Instead  of  using  a  layer  of  mercury,  the 
platinum  electrode  a,  fused  through  the  ^ass- 
containing  vessel,  is  made  of  a  long  piece  of  wire 
which  is  coiled  into  a  close  flat  spiral  and  coUed, 
with  mercury,  either  by  heating  and  then  immersing  it  in 
cury  bath,  or  by  heating  the  mercury  and  the  platinum  tt 
The  spiral  is  then  embedded  in  the  paste,  composed  of  pi* 
p,^  „  mercurous  sulphate  and  as 

rated  solution  of  pure  zinc 
phale,  p.  The  pure  zinc  rod, 
is  dipped  into  the  paste,  and 
cement  stopper,  c,  holds  ll»' 
ivhole  firmly  together,  so  iha 
the  cell  is  made  more  portabk 
than  that  shown  in  fig.  1 5,  whict 
has  the  disadvantage  that  the 
constituents  of  the  cell  are  liable 
to  become  mixed  if  it  is  nc< 
used  very  carefully.  The  ma- 
cury  deposited  on  the  platinuB 
spiral  is  sufficient  to  form  ibt 
negative  element  or  '  plate,'  » 
that  a  layer  of  mercury  is  nc* 
really  necessary. 

Fig.  17  shows  the  method 
employed  lor  casmg  m  A  cylindrical  brass  case  with  an  ebonite 
cover  IS  used,  and  contams  two  cells  which  can  be  balanced  iw 
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■gainst  the  other  to  test  their  relative  electro-motive  force,  or 
they  can  be  used  together  and  give  a  double  electro -motive  force. 
A  thermometer  is  likewise  provided,  the  bulb  being  inside  and 
the  tube  bent  so  as  to  lie  over  the  scale  on  the  cover.  This  is 
an  important,  though  simple  innovation,  and  assists  in  the  avoid- 
ance of  an  error  due  to  a  varying  temperature. 

The  only  other  form  of  single-fluid    battery  which  we  shall  « 
notice  is  that  in  which  a  solution  of  bichromate  of  potash  is 
employed,  and  which  is  generally  made  in  the  form  shown  in  the 
diagnun  (fig.  1 8).     It  consists  of  an  alternation  of  zinc  and  carbon 
piMes  (always  one  more  of  carbon  than  of  itinc), 
placed  in  a  ^ass  vessel  containing  the  solution. 
The  carbons  are  ail  connected  with  one  terminal 
■0  as  to  give  a  Urge  negative  surface,  and  all 
the  zincs  with  another  to  oppose  a  large  positive 
sntfece  to  the  solution.    In  most  cases  the  zincs 
■re  attached  to  a  meta!  rod,  a,  which  slides  in  a 
btrfe  in  the  cover,  so  that  by  raising  the  rod  the 
l^tes  can  be  readily  removed  from  the  liquid        "jlj 
•nd  the  wasteful  consumption  of  the  zinc  and    "^  •» 
bichromate  of  potash  which  would  otherwise 
take  place  when  the  cell  is  idle  prevented. 

The  solution  consists  of  i  part  by  weight 
of  bichromate  of  potash,  2  parts  of  good  sul- 
phuric acid  (of  I  -8  specific  gravity),  and  1 2  parts  of  clean  water. 
The  bichromate  of  potash  is  iirst  pulverised  and  then  added 
'^^  to  the  acid,  stirring  all  the  time.  This  converts  the 
™4iomate  of  potash  into  chromic  anhydride  and  potassic  sul- 
phate, which  precipitates  in  a  beautiful  crystalline  formation,  the 
'^'■emical  reactions  being  indicated  by  the  equation  : — 
K,Cr,0,  +  7S04H,  =  aCrO,  -^  KjSO,  -|-  OH,  +  6S0,H, 

«*»™«K       Sulpbiuicuid.       ChnMBic  Pausic  .W.Mr.      Sulphuric  iidd. 

"pxuii.  uihydridc        tulphuc.         [ 

Water  is  then  added  slowly,  when  the  crystals  are  dissolved 
"kI  the  chromic  anhydride  converted  into  chromic  hydrate  or 
"•^  (HjCrOj)  by  the  absorption  of  water,  a  quantity  of  the  water 
'*''ig  taken  up,  with  the  usual  result  that  follows  the  admixture  of 
wlphuiic  add  and  water — viz.  the  evolution  of  a  considerable 
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amount  of  heat.     The  energy  with  which  the  acid  unites  with 
water  is  very  great,  and  it  is  this  that  necessitates  the  slow  addhii 
of  the  latter.     If  poured  on  too  abruptly  there  is  considerabl 
danger  of  the  mixture  being  ejected  from  the  vessel  and  scatt< 
about  the  person  or  on  anything  that  may  be  near.    As  the  a< 
is  exceedingly  corrosive,  it  is  impossible  to  take  too  much 
caution  when  adding  the  water.    In  ordinary  cases  where  the 
and  water  are  to  be  mixed  it  is  by  far  the  safer  plan  to  add 
acid  to  the  water,  as  the  former  will  then  find  plenty  of  the  latt( 
to  satisfy  its  almost  insatiable  thirst. 

When  the  solution  of  the  crystals  is  completed  and  when 
liquid  has  cooled  down  to  the  Ordinary  temperature,  it  is 
for  use.     On  completing  the  circuit  and  allowing  the  current 
flow,  the  zinc  is  dissolved,  forming  zinc  sulphate,  and  the  cl 
acid  is  converted  into  chromic  sulphate,  water  being  liberal 
The  reaction  may  be  expressed  by  the  equation  : — 

3Zn  +  6H2SO4  +  2H2Cr04  =  3ZnS04  +  8OH2  4-  Cr,3(S0< 

Zinc.      Sulphuric  acid.        Chromic  acid.       Zinc  sulphate.  Wato-.    Chromic  solj 

This  battery  has  a  high  electro-motive  force,  while  its  resistai 
is  very  low.     It  yields,  therefore,  a  considerable  current,  whi< 
does  not,  however,  last  long,  rarely  more  than  an  hour  or 
because  of  the  rapidity  with  which  the  cell  becomes  polaru 
On  the  other  hand,  w^hen  only  used  occasionally,  the  same  sohitic 
will  last  for  a  very  long  time.   As  there  is  a  tendency,  by  secon( 
chemical  reactions  taking  place  between  the  various  constituent 
of  the  cell,  to  form  hard  crystals  of  a  double  salt  (known  as  chroi 
alum)  which  at  times  cause  a  fracture  of  the  jar,  it  is  advisable  tj 
avoid  square  or  flat  cells  for  this  battery.     As  we  shall  present 
see,   a  modification  is  extensively  used  on  account  of  its 
electro-motive  force,  its  low  internal  resistance,  and  its  approxi* 
mation  to  constancy. 

We  come  now  to  consider  the  double-liquid  batteries,  the 
great  aim  of  which  is  to  obtain  constancy,  even  if  at  the  loss  of  a 
little  power.  The  chief  obstacle  to  constancy,  we  have  seen,  is  the 
accumulation  of  hydrogen  on  the  negative  surface,  which  hydrogen 
must  therefore  be  absorbed.  Daniell,  in  1836,  was  the  first  to 
achieve  this  object,  which  he  did  by  using  a  metallic  salt  in  the 
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ndgbbourhood  of  the  n^;ative  plate,  separated  from  the  zinc  and 
add  solution  by  means  of  a  porous  division  which,  on  being 
moistened,  allowed  the  current  to  pass  through  it,  but  which  at 
the  same  time  prevented,  or  rather  impeded,  the  intermingling  of 
the  two  solutions.  The  conception  of  a  porous  division  was  cer- 
tainly a  brilliant  idea,  but  so  also  was  that  which  determined  the 
kind  of  solution  which  was  to  surround  the  negative  plate.  This 
liquid  contains  a  large  quantity  of  the  very  same  metal  as  that  of 
whidi  tbe  plate  itself  is  constructed,  and  it  is  due  in  a  great 
measure  to  this  foct  that  the  Daniell  cell  stands  alone,  and  pre- 
eminently so,  as  the  constant  cell.  The  cell  is  put  together  in  a 
great  variety  of  shapes  and  patterns,  varying  with  the  purpose  to 
niiich  it  is  intended  to  be  applied.  It  consists  essentially  of  an 
outer  porcelain  or  other  non -porous  vessel,  containing  the  zinc. 
Inside  this  is  placed  an  unglazed  earthenware  vessel,  which  con- 
!ains  a  piece  of  thin  sheet  copper.  The  porous  vessel  is  nearly 
Slled  with  copper  sulphate  (known  more  generally  as  bluestone), 
md  water  is  poured  on  till  the  level  is  about  the  same  as  that  in 
4e  outer  vessel,  which  contains  a  solution  of  one  part  sulphuric 
idd,  or  zinc  sulphate,  with  12  to  20  parts  of  water. 

The  chemical  reactions  which  take  place  in  the  Daniell  cell 
tte  of  a  very  simple  character.  On  completing  the  circuit  the 
anc  enters  into  action  with  the  sulphuric  acid  and  forms  sulphate 
<>fzinc  (ZnS04),  releasing  ^^  hydrogen  (Hj),  in  precisely  the 
,»nje  way  as  in  the  simple  cell.  This  hydrogen  is  not,  however, 
liberated  on  the  surface  of  the  negative  or  copper  plate,  but  at  or 
"ear  the  porous  partition  where  the  two  liquids  meet.  The 
"ydiogen  coming  into  the  presence  of  the  copper  sulphate  solution, 
P"^^*eds  at  once  to  displace  the  metal  from  its  combination, 
*^ng  it  free  as  metallic  copper,  and  taking  its  place  to  form  a 
new  equivalent  of  sulphuric  acid.  The  liberated  copper  acts  in  a 
^"^neT  very  much  akin  to  that  of  the  free  hydrogen  in  the  acid 
solution — that  is,  it  breaks  up  the  next  molecule  of  copper  sul- 
phate, and  produces  a  new  molecule  of  the  same  compound  by 
''^placement,  and  so  on  until  the  surface  of  the  negative  plate  is 
tltnnately  reached,  on  which  is  deposited  the  finally  released 
<»Pper  particle. 

A  little  reflection  will  reveal  to  the  student  something  of  the 
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greatness  of  the  advance  thus  made  by  Daniell.  In  the  fiisl 
place,  we  find  the  released  hydrogen,  which  was  the  great  drawback 
in  the  simple  cell,  taken  up  entirely  by  a  very  easily  decomposable 
salt,  and  thus  prevented  from  polarising  the  battery.  Further- 
more, instead  of  the  deposition  of  the  foreign  hydrogen  film  od 
the  copper  plate,  copper  purer  than  can  be  obtained  by  any  <Aber 
simple  process  is  deposited.  In  fact,  a  similar  process  is  eto- 
ployed  commercially  for  the  extraction  of  copper  firom  its  oresi 
and  for  the  refinement  of  comparatively  impure  bars.  The  actioo 
that  takes  place  from  the  zinc  to  the  copper  surface  may  be  ex- 
pressed thus  : — 

Zn  -f  S04Ha  +  SO4CU  =  ZnSo4   +  SO4H,  +  Cu 

Zinc.  Sulphuric  Copper  Zinc  Sulphuric        Copper. 

acid.  sulphate.  sulphate.  ,    acid. 

Or  showing  the  effect  on  a  few  of  the  intermediate  molecules  :— 

Before  action, 

]  SO4H2  S07H2  so^Hj  I  so7cu  so^cu  saTciTi 

Zinc.  Porous  Co|i|Mr. 

partition. 

In  action. 


SO4  H2SO4  H2SO4  Hj  I  SO4  CUSO4  CUSO4  Cu 

Zinc.  Porous  Copjpcr. 

partition.  I 

We  see  here  that  for  every  atom  of  zinc  dissolved  one  atom  fll| 
copi>er  is  deposited,  and  for  every  molecule  of  sulphuric  adli 
decomposed  by  the  zinc,  or  for  every  molecule  of  cupric  sulpla* 
decomposed  by  the  nascent  hydrogen,  one  molecule  of  sulphnix 
acid  is  formed.  Theoretically,  then,  the  gross  quantity  of  sulphmit 
acid  should  remain  constant,  zinc  sulphate  should  be  continuoDsIf 
increasing,  while  the  sulphate  of  copper  should  diminish  in  ptt' 
cisely  the  same  ratio— that  is,  one  molecule  or  equivalent  of  one 
sulphate  should  be  formed  for  every  molecule  or  equivalent  rf 
cupric  sulphate  that  is  decomposed.  Furtheiy  for  every  65  paitti 
by  weight  of  zinc  dissolved,  63  parts  by  weight  of  copper  shooH 
be  deposited. 

A  weak  solution  of  zinc  sulphate  is  firequently  substituted  fcf 
the  sulphuric  acid  solution.  In  that  case  no  hydrogen  at  all  * 
generated,  so  that  polarisation  from  this  cause  is  altogether  impos- 
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Zinc  Ixac  Copper  Zinc  Copper.  ^S/"^ 

ilphate.        sulphate.  sixlphale.  V    ^^'^    -^    9 


siWe.  The  series  of  chemical  reactions  presents  the  same  general 
features.  On  joining  up,  the  zinc  sulphate  attacks  the  metallic 
zinc,  finesh  particles  or  molecules  of  the  salt  are  formed,  and 
metallic  zinc  liberated  in  place  of  the  hydrogen  which  is  produced 
when  sulphuric  acid  is  employed.  The  liberated  zinc  decomposes 
the  copper  sulphate,  forming  more  zinc  sulphate  and  liberating  the 
copper.  Eventually,  copper  is  deposited  on  the  copper  plate,  the 
reactions  being  set  forth  in  the  equation  : — 

Zn  +  S04Zn  +  SO4CU  =  2ZnS04  +  Cu. 

Zinc  Zxac 

sulphate. 

The  substitution  of  the  zinc  sulphate  for  the  acid  has  also  the 
effect  of  reducing  the  wasteful  consumption  of  the  zinc.  Unless 
the  cell  is  required  for  immediate  use  there  is  really  no  need  to 
add  even  the  zinc  sulphate  to  the  water,  the  reason  for  which  will 
be  seen  presently. 

The  chemical  changes,  however,  which  are  brought  about  in 

the  Daniell  by  the  propagation  of  the  current,  constitute  only  a 

portion,  and  that  a  by  no  means  large  one,  of  the  total  amount  of 

chemical  change  that  ensues  on  fitting  up  the  cell.    That  very 

porosity  of  the  unglazed  earthenware  partition,  while  it  allows  the 

two  solutions  to  come  into  contact,  also  permits  of  their  diffusion 

^  gradual  mixing.     All  liquids  do  not  diffuse  at  a  uniform  rate, 

the  rate  of  diffusion  varying  inversely  as  the  square  of  their  specific 

gravities.    The  immediate  consequence  of  this  is,  that  some  of 

the  copper  sulphate  solution  passes  through  into  the  zinc  division, 

where  its  copper  is  displaced  by  zinc,  thereby  converting  the 

^^Wer  sulphate  into  zinc  sulphate.     The  copper  so  displaced  is 

deposited  in  a  black  spongy  mass  upon  the  surface  of  the  zinc,  or 

is  precipitated  to  the  bottom  of  the  cell  as  battery  *mud.'    All 

this  means  so  much  waste,  for  the  zinc  is  dissolved  and  the  copper 

sulphate  decomposed,  without  the  production  of  any  available 

current  of  electricity.    The  deposit  on  the  zinc  plate  converts  the 

^eu,  in  a  great  measure,  into  one  with  two  copper  surfaces. 

^^hen  the  battery  is  intended  only  for  occasional  use,  or  when 
^^  external  circuit  is  of  relatively  high  resistance,  it  is  much  pre- 
ferable to  use  somewhat  denser  porous  partitions,  whereby  the 
fusion  of  the  solutions  is  to  some  extent  prevented,  or  at  least 
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hindered.  The  presence  of  denser  porous  partitions  implies,  oC 
course,  a  proportional  increase  in  the  internal  resistance  of  the 
battery.  It  may  here  be  mentioned  that  white  unglazed  porcdain 
is  harder  and  less  porous  than  the  red  variety,  and  is  therefore 
generally  to  be  preferred. 

Great  care  must  also  be  taken  that  the  various  constituents  of 
the  cell  are  of  the  purest  possible  character,  and  all  metallic  joints 
must  be  electrically  continuous.  A  small  percentage  of  impurity 
in  either  of  the  solutions  will  have  most  deleterious  effects.  Three 
substances  are  required  as  pure  as  our  knowledge  can  render 
them.  The  copper  sulphate  must,  above  all  things,  be  pure, 
because  of  the  weakness  of  the  chemical  affinity  between  sulphuik 
acid  and  copper.  In  the  event  of  the  salt  not  being  so,  the 
impurities  will  precipitate  the  copper  and  then  small  Mocal  actions' 
will  be  called  into  existence,  much  to  the  prejudice  of  the  primaiy 
or  main  current.  The  impurity  most  common  in  copper  sulphate 
is  iron,  which  may  be  readily  detected,  for,  as  liquids  are  essentiallf 
diffusive,  a  small  test-tube  full  will  give  the  same  quantitative  as 
well  as  qualitative  result,  as  any  larger  quantity.  Acid  solu- 
tions of  copper  are  of  a  brilliant  green  hue,  while  the  cone-- 
sponding  ammoniacal  solutions,  due  to  the  free  addition  oJl 
ammonia  solution,  are  deep  blue  in  colour.  If,  therefore,  we  add] 
an  excess  of  ammonia  to  the  acid  solution  (j,e.  more  than  suffidenl 
to  neutralise  the  acid),  the  copper  will  be  readily  retained  in  the  \ 
solution,  but  with  the  change  of  colour  mentioned  above.  Iron, 
however,  while  it  is  soluble  in  acid,  is  precipitated  by  ammonia— 
that  is  to  say,  the  ammonia  will  not  allow  the  iron  to  remain  in 
solution.  Should  there,  therefore,  be  any  iron  in  the  acid  solu- 
tion, it  will  be  precipitated  as  a  dark  powder  on  the  addition  d 
the  alkaline  ammonia.  The  sulphuric  acid  or  sulphate  of  zinc, 
when  used,  must  likewise  be  free  from  impurities,  the  chief  d 
which  is  again  iron.  This  metal  in  sulphiuic  acid  gives  it  a 
yellowish  tinge,  even  when  in  small  quantities.  Good  acid  should 
be  as  colourless  as  pure  water,  and  when  poured  from  one  vessd 
to  another  should,  if  of  the  requisite  strength  and  specific  gravity, 
have  the  viscidity  of  oil.  The  porous  partition,  unless  carefiilly 
made,  is  liable  to  contain  small  particles  of  cinder,  &c.,  and  these 
tend  to  decompose  the  cupric  sulphate  with  a  precipitation  of  the 
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copper,  which  forms  itself  into  nuggets  in  the  pores  of  the  earthen- 
ware and  frequently  chip  or  even  completely  fracture  it. 

The  zinc  should  be  pure,  or  as  nearly  so  as  it  can  be  obtained. 
Chemically  pure  zinc,  however,  is  manufactured  with  great  diffi- 
culty, and   is   consequently  very  expensive.     The  presence  of 
foreign  matter  is,  nevertheless,  a  very  great  deterrent  to  the  good 
working  of  the  cell,  for  it  must  be  remembered  that  the  presence 
in  a  solution  of  two  metals  in  contact  or  otherwise  electrically 
connected,  always  results  in  the  production  of  electrical  currents. 
15  therefore,  there  are  particles  of  foreign  metals  mixed  up  with 
the  zinc,  there  necessarily  occurs  local  currents  which  act  disad- 
vantageously  in  at  least  two  ways — first  by  wasting  the  zinc,  and 
secondly  by  weakening  the  main  current     As  zinc  is  positive  to 
every  available  substance  (the  only  metals  positive  to  it  being 
potassium  and  sodium,  which,  on  account  of  their  extreme  affinity 
for  water,  are  never  employed  for  battery  purposes),  the  admixture 
of  particles,  say,  of  iron,  tin,  or  arsenic,  causes  small  currents  to 
travel  from  the  zinc  to  these  particles,  and  while  the  impurities 
remain  to  a  great  extent  unaffected  (because  of  their  being  the 
n^ative  element),  the  zinc  is  constantly  suffering  a  loss  by  con- 
sumption or  conversion  into  a  salt.     These  minute  currents  are 
furthermore  produced  on  the  surface  of  the  zinc,  and  must,  as 
already  mentioned,  interfere  considerably  with  the  production  of 
the  primary  current.     The  difficulties  arising  from  the  presence  of 
impurities  are  also  increased  if  the  zinc  is  imperfectly  or  im- 
properly   manufactured.      The   molecular    arrangement  (or  the 
relative  position  of  the  molecules)  must  be  homogeneous  through- 
out the  surfaces  of  each  plate,  otherwise  currents  will  be  set  up 
between  the  softer  and  harder  parts  of  the  zinc— in  a  word,  they 
possess  opposite  electrical  properties,  so  that  even  if  chemically  pure 
zinc  were  procured,  it  would  not  follow  as  a  matter  of  course  that 
we  should  be  secured  against  this  source  of  wasteful  local  action. 
Concentrated  sulphuric  acid  has,  it  may  be  mentioned,  no  effect 
on  pure  zinc  provided  it  is  properly  annealed — that  is  to  say,  that 
the  surfaces  have  been  softened  and  made  molecularly  homoge- 
neous.   The  acid  can,  therefore,  furnish  us  with  a  tolerably  reliable 
test  for  the  degree  of  purity  and  equable  texture  possessed  by  the 
metal     So  important,  indeed,  is  this  question  of  uniformity  that 
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a  difference  of  temperature  will  frequently  determine  a  difference 
of  potential,  and  therefore  cause  a  current  to  flow. 

The  effect  both  of  the  presence  of  any  impurity  and  of  m- 
equal  hardness  can,  however,  be  effectually  overcome,  at  least  for 
a  time,  by  the  process  known  as  *  amalgamation.'  This  prooes 
consists  in  first  thoroughly  cleansing  the  surfaces  of  the  metal  bf 
immersing  it  for  a  time  in  a  dilute  sulphuric  or  hydrochloric  add 
solution,  and  subsequently  (but  while  still  wet  with  the  add) 
coating  the  surfaces  with  mercury.  This  operation  is  genoally 
recommended  to  be  performed  by  rubbing  the  mercury  on  inth 
a  sponge  or  piece  of  cloth  at  the  end  of  a  stick  ;  but  this  is 
a  very  irksome  and  tedious  operation,  more  especially  when  the 
zincs  are  cylindrical,  and  it  is  quite  as,  if  not  more,  efficacioosto 
pour  the  mercury  (which  should  afterwards  be  used  for  do  otto 
purpose)  into  a  flat  vessel  and  lay  or  roll  the  zincs  in  it  Thi 
may  be  thought  a  wasteful  process,  but  the  superabundant 
cury  can  be  easily  removed  by  wiping  the  surfaces  over  and 
standing  them  on  a  dish,  to  allow  any  mercury  that  may  be 
free  to  fall  off.  This  method  is  much  to  be  preferred  when  iti 
required  to  amalgamate  a  large  number  of  plates.  A  very  litde 
cury  deposited  at  the  bottom  of  the  zinc  division  in  the  bat 
will  suffice  to  keep  the  plate  well  amalgamated  for  a  long  time. 

By  adopting  the  process  of  amalgamation  the  commonest 
can  be  rendered  thoroughly  serviceable  for  a 'greater  or  less  period 
according  to  the  degree  of  effectiveness  with  which  the  ptoocsl 
has  been  carried  out  As  to  its  rationale,  it  appears  evident  th< 
the  function  of  the  mercury  is  to  homogenise  the  molecuta 
arrangement  by  uniformly  softening  the  zinc  and  forming  with  it  I 
regular  amalgam  unassailable  by  pure  sulphuric  acid.  The  amal* 
gam  in  an  almost  liquid  state  glides  over  and  covers  up  anf 
impure  particles  that  have  not  been  dissolved  off  by  the  washiH 
process  ;  as  the  zinc  wears  away  these  particles  fall  out  and  dwf 
to  the  bottom  of  the  cell  to  do  no  further  harm. 

The  mercury  does  not  enter  into  action  with  the  acid  or  ^ 
any  other  way  interfere  with  the  efficient  working  of  the  cell,  W 
on  joining  up  the  battery  the  acid  attacks  and  dissolves  the  tsf- 
more  or  less  uniformly,  the  mercury  eating  its  way  inwards  as  tbe 
superficial  zinc  particles  enter  into  the  solution. 
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The  circular  form  of  battery  is  very  extravagant  in  the  matter 
f  shelf  or  floor  space,  while  the  square  or  flat  types,  which  have 
tactically  superseded  the  circular  ones,  are  essentially  compact, 
ind  are  for  that  reason  to  be  preferred.  The  square  type  was 
iriginally  introduced  by  Dr.  Muirhead,  It  consists  generally  of  a 
wooden  bos  or  trough,  into  which  five  double  or  ten  single  cells 
rf  white  glazed  porcelain  or  ebonite  are  placed,  when  it  presents 


-.-;  ^i-.ti  njUit>,K.L  a|.ipeiirance,  as  shown  in  fig.    ig.     Fijf. 
i  seaion  of  one  of  the  single-cell  porcc-biii  vessels,   fig. 


iltustrating  the  double-cell  form.     The  latter  is  square  and  is  very 

Mnvenient.     There  is  a  little  ridge  along  the  bottom  of  each  cell 

_  (Me  fig.  20J  to  keep  the   flat   porous  vessel   in  position.     This 

Pwous  vessel  containing  the  copper  plate  is  filled  up  with  copper 
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sulphate  crystals,  the  zinc,  which  should  be  not  less  than  \  inck 
thick  (to  allow  fur  waste  by  local  action),  being  suspended  in  tk 
zinc  sulphate  solution.  It  will  be  noticed  that  the  copper  f^teit 
attached  to  the  zinc  of  the  next  adjacent  cell.  It  is  utoal  it 
practice  to  rivet  one  end  of  a  copper  strap  on  to  the  copper  pfete^ 
the  zinc  being  cast  on  to  the  other  end  of  the  strap.  In  this  wiy 
expensive  binding  screws  or  terminals  are  dispensed  with,  and  a 
good  and  substantial  contact  is  ensured.  The  last  zinc  and  tbc 
last  copper  are  connected  to  brass  terminals,'  which  become  re- 
spectively the  negative  and  positive  poles  of  the  battery. 

Nothing  but  clean  water  (hard  water  should,  if  possible,  be 
avoided)  is  poured  into  the  zinc  division,  but  sufficient  is  added 
to  bring  it  up  to  within  about  a  quarter  of  an  inch  of  the  top  rf 
the  zinc  plate.    The  battery  at  the  end  of  about  twenty-four  bou» 
will  be  found  to  be  in  working  order,  the  sulphate  having  dissolv 
in  the  copper  division  and  enough  passed  through  the  p« 
partition  to  start  the  chemical  action.    Under  these  circumstan 
then,  a  portion  of  the  cupric  sulphate  that  would  otherwise 
wasted  is  utilised  to  convert  the  water  into  a  solution  of 
sulphate.    If  the  battery  is  wanted  for  immediate  use,  the  zinc 
must  be  filled  with  a  weak  solution  of  sulphate  of  zinc  (or  sulph 
acid),  and  the  copper  cell  with  a  saturated  solution  of  sulphate 
copper  ;  action  then  commences  at  once.     It  is  often  more  oofi- 
venient  to  dispense  with  the  trough  or  box  and  place  the  cells  skk 
by  side  on  a  shelf.     The  advantage  of  this  in  an  extensive  battaf 
room  is  apparent. 

All  porous  pots  should  be  dipped,  top  and  bottom,  in  melted 
paraffin  wax,  so  as  by  filling  up  the  pores  to  prevent  the  solutions 
mingling  too  freely  or  rising  to  the  top  above  the  level  of  the 
liquids,  and  so  allowing  the  water  to  evaporate  and  the  salts  to 
crystallise  out.  One  side  of  the  flat  porous  pots  may  also  be 
paraffined  with  advantage — viz.  the  side  which  is  remote  from 
the  zinc. 

A  porous  pot  which  has  been  once  used  should  not  be  allowed 
to  get  dry,  as  the  crystals  which  form  on  drying  chip  it,  and  will 
soon  render  it  useless. 

The  Daniell  cell,  when  in  good  condition,  can  be  employed 
as  a  standard  of  electro-motive  force,  and  owing  to  the  ease  with 
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Tthich  the  coppwr  salt  is  decomposed,  the  cell  possesses  one  great 
advantage  over  the  Clark  standard  cell,  in  that  it  does  not  polarise 
when  joined  on  short  circuit,  even  when  it  is  giving  a  more  or  less 
continuous  current.  It  has,  however,  the  disadvantage  that  for 
accurate  measurement  it  requires  a  certain  amount  of  attention 
which  must  be  particularly  directed  to  the  zinc  division,  to  keep  it 
free  from  copper.  A  very  handy  and  convenient  form  of  Standard 
Daniell  is  that  shown  in  fig.  32.  In  a  square  wooden  box,  pro- 
vided with  two  terminals  for  _ 
connection,  are  three  water- 
tight chambers.  When  the 
cell  is  not  in  use,  the  copper 
piate  c  is  removed  to  the 
right-hand  chamber  contain 
ing  copper  sulphate  solution 
the  zinc  plate  z  and  the  porous 
pot  containing  it  being  trans 
ferred  to  the  left-hand  cham 
ber.  This  porous  pot  is 
supplied  with  a  semi-satu 
rated  solution  of  zinc  sul 
phate,  the  copper  sulphate 
solution  and  its  reserve  of 
crystals  being  placed  in  the  middle  chamber  All  that  is  then 
neces-sary  to  place  the  cell  in  working  order  is  to  remove  the  copper 
and  the  porous  pot  into  the  centre  division  The  stud  b  attached 
to  ihe  lid,  prevents  it  being  shut  down  unless  the  porous  pot  has 
been  removed  to  the  outer  chamber  Such  a  cell  will  maintain  an 
electro-motive  force  of  i  07  to  i  079  volts  for  a  considerable  time, 
providing  that  the  copper  and  porous  pot  are  removed  to  their 
respective  idle  chambers,  between  the  tests. 

We  have  seen  that  Daniell  absorbed  the  freed  hydrogen  by 
causing  it  to  reduce  a  metallic  salt :  Grove  and  Bunsen  in  their 
lotteries  oxidised  the  liberated  hydrogen  by  means  of  an  acid, 
water  being  produced  by  this  hydrogen  instead  of  sulphuric  acid, 
^  in  the  Daniell.  In  the  negative  division  concentrated  nitric 
acid  is  used,  into  which  Grove  dipped  platinum  foil,  while  Bunsen 
^ptcd  gas-carbon.     Zinc,  a.s  usual,  constituted  the  positive  plate 
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in  each  case,  the  liquid  placed  with  it  being  a  solution  of  sulphi 
acid.  The  diagram  (fig.  23)  shows  the  construction  of  the  Grove 
It  is  usually  contained  in  a  flat  rectangular  glass,  porcelain,  K 
ebonite  vessel,  porcelain  being  pertuji 
the  best.  The  amalgamated  linc  [Jut 
z,  is  bent  into  a  U-shape,  and  suppom 
the  flat  porous  pot  which  contains  ik 
platinum  foil,  p.  By  this  arrangemd* 
each  surface  of  the  platinum  has  op- 
posed to  it  a  surface  of  zinc,  the  intwrf 
resistance  being  consequently  very  iofi, 
A  strong  solution  of  sulphuric  afii: 
(about  1  of  acid  to  7  or  8  of  watetliK 
poured  into  the  outer  cell  and  streo 
nitric  acid  having  a  specific  giaiiri 
I  410  is  placed  in  the  inner  cell  »i 
'-,  the  platinum.  The  copper  or  bn 
connections  or  terminals  should  be  h 
quered  except  upon  those  surfaces  "W 
take  p.irt  in  the  electrical  circuit,  to  protect  them  as  much 
possible  from  the  gases  which  are  evolved  during  the  working 
the  ceil. 

The  action  is  in  the  first  stage  similar  to  that  in  the  Dinie 
but  there  is  somi;  diversity  of  opinion  as  to  what  actually  inMJ 
pires  in  the  platinum  division.  Zinc  sulphate  is  formed  by  ^ 
aaion  of  the  sulphuric  acid  on  the  zinc,  and  the  hydrogen  whin 
is  thereby  released  reduces  the  nitric  acid  (HNO3)  to  water  m| 
nitric  peroxide  (N^Oj),  which  ascends  as  a  gas  into  the  air.  TM 
gas  is  distinguishable  from  all  others  by  its  dense  brown  apjuaH 
ance  and  its  extremely  pungent  odour. 

The  chemical  reactions  may  be  represented  by  the  equatioo- 
Zn  +  SO^H,  +  aHNOa  =  ZnSO,  +  20H,  +  N,0,.       I 

It  will  be  noticed  that  the  acid,  which,  to  give  the  ma.nmii* 
strength  of  current,  should  be  concentrated,  must  be  serioudf 
weakened  as  the  current  is  produced.  This  results,  in  the  K* 
place,  from  the  fact  that  every  atom  of  hydrogen  set  free  fromtl* 
sulphuric  acid  decomposes  a  portion  of  the  nitric  acid,  while  n 
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the  second  place  the  water  which  is  formed  dilutes  and  so  weakens 
the  remaining  acid.  The  acid,  which,  when  first  poured  in, 
should  be  quite  colourless,  is  first  tumed  brown  by  the  peroxide, 

which  is  more  or  less  soluble  in  the  acid,  changing  subsequently 

to  green,  when  it  is  practically  useless. 

The  Bunsen  cell,  which  is  illustrated  in  fig.  24,  is  most  fre- 
quently made  in  the  circular  form.     The  outer  jar  is  of  glazed 

eanhenware    or   glass,    and  con-  p,o,  ,^. 

tainsa  solution  of  sulphuric  acid, 

ordinarily  in  the  proportion  of  i 

of  acid  to  7  or  8  of  water,  as  in 

the  Grove.     Into  this  is  placed 

a  cleft  line  cylinder,  and  inside 

this  is  the  porous  cell,  containing 

a  tod  of  carbon,    immersed   in 

strong  nitric  acid.     The  porosity 

of  the  carbon  enables  it  to  pre- 
sent to  the  liquid  a  very  extended 

snilice,   as    compared   with    the 

platinum  of  the  Grove  cell. 
The  action  in  the  battery  is 

identically   the   same   as   in   the 

Grove,    since    the    carbon    and 

platinum  remain  chemically  un- 

affeaed 

The  Daniell  and  the  Grove  cells  are  the  representatives  of  two 
extensive  classes  of  battery.  Danieli's  has  attained  its  high  standard 
of  popularity  on  account  of  its  cheapness  and  its  constancy.  It 
ismuch  more  constant  than  either  of  those  we  have  as  yet  men- 
lioned  The  Grove,  on  the  other  hand,  is  very  powerful,  but, 
•Wing  to  polarisation,  it  runs  down  very  rapidly,  and  is  not 
reliable  for  more  than  three  to  four  hours  at  a  time.  It  is,  how- 
*'tr,  important  to  remember  that  if  the  negative  plate  and  its  acid 
*ie  removed  from  the  cell  separately  and  allowed  to  stand  for  a 
liiie,  the  acid  can  be  used  again  and  the  cell  will  give  a  current 
practically  as  good  as  before  The  same  acid  can  be  used  three 
w  four  times  before  it  is  so  reduced  in  strength  as  to  materially 
*ff«:t  (he  current,  a  state  which,  as  already  mentioned,  is  indicated 
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Fig.  25. 


by  the  greenish  hue  imparted  to  the  acid.     The  chief  use 
Grove  cell  in  England  is  for  experimental  purposes.    It 
advantage  that  it  is  very  compact  and  pK>rtable.    The 
has  a  slightly  higher  electro-motive  force,  and  it  is  soi 
cheaper  than  the  Grove.     As,  however,  it  is  generally  coi 
in  the  cylindrical  form,  it  is  much  less  convenient 

There  are  many  forms  of  double-fluid  bichromate 
In  nearly  all  of  them  zinc  and  carbon  are  employed  for  the 
and  negative  elements  respectively,  the  difference  being,  gc 
speaking,  confined  to  the  depolarising  solution  surrounc 
carbon  plate.     In  one  of  them,  however,  a  great  feature  is 
of  the  means  adopted  for  keeping  the  zinc  well 
This  cell  is  known  as  the  *  Fuller,'  and  it  is  usually  put  oj 

round  earthenware  jar,  in  which  is 
a  comparatively  small  porous  pot  cont 
a  zinc  rod  of  peculiar  shape,  as  shoim 
25.  The  zinc  is  cast  on  to  a  stout 
wire  which  passes  almost  to  the  boi 
the  rod  and  helps  to  keep  it  intact 
three  ounces  of  mercury  are  placed 
porous  pot,  which,  on  the  addition 
solution  (dilute  sulphuric  acid),  creeps 
surface  of  the  zinc  by  the  force  of 
attraction  and  so  keeps  it  uniformlj 
automatically  amalgamated.  A  small 
plate  is  placed  in  the  outer  vessel  in  a  sol 
of  bichromate  of  potash,  derived,  hoi 
from  a  stiff  paste,  of  which  a  qaani 
placed  in  the  bottom  of  the  cell,  and 
contains,  probably,  a  quantity  of  free  chromic  acid,  soda 
&c.  An  unusually  large  •  quantity  of  this  solution  is  gci 
provided  in  order  to  maintain  its  strength  for  a  longer  period^ 
time  than  would  be  the  case  were  the  more  usual  proporoa 
adopted.  The  chemical  action  is  practically  the  same  as  that 
the  single-fluid  bichromate  cell.  What  is  true  of  the  nitric  ac 
cells  of  Bunsen  and  Grove  is  also  true,  although,  perhaps,  to  a  k 
degree,  with  each  and  every  form  of  bichromate  of  potash  or 
chromic  acid  cell — viz.  that  polarisation  and  the  accompanyii 
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reduction  in  the  electro -motive  force,  and  therefore  also  in  the 
current  strength,  sets  in  after  the  battery  has  been  in  use  for  a 
few  hours  more  or  less.  The  electro-motive  force  of  the  cell  is, 
however,  high,  ranging  from  1-9  to  2'i5  volts.  Its  internal  resist- 
ance is  also  very  low,  whence  it  finds  considerable  favour. 

The  most  ingenious  battery  yet  constructed  for  electric  lighting 
purposes  is  probably  that  of  Mr,  A.  Ren^  Upward,  the  principle  of 
which  will  be  gathered  from  figs.  26  and  27,  The  positive  plate, 
z,  is  of  cast   zinc   immersed   in   water  fio  26 

(which  afterwards  becomes  zmc  chloride) 
contained  in  the  porous  pot  b  The  ^ 
native  element  consists  of  two  carbon 
plates,  c  c,  joined  together  and  placed  in 
the  outer  vessel  a  of  glazed  earthenware 
the  space  between  a  and  B  being  then 
closely  packed  with  crushed  carbon  and 
sealed  m  with  a  layer  of  cement  H 
Chlonne  gas  which  has  considerable 
affinitj  for  zinc  is  led  into  the  outer  cell 
by  the  tube  D  {fig  27)  and  passmg 
between  the  small  pieces  of  carbon  finds 
Its  way  into  the  zinc  division  where  it 
enters  directly  into  chemical  union  with  the  zinc  f>nning  zmc 
chlonde  thus  Zn+Clj  =  ZnClj  Such  of  the  gas  as  s  not 
retained  in  the  one  cell  passes  through  the  outlet  tube  e,  to  the 
bottom  of  the  next  cell  As  the  chlonde  of  zinc  solution  passes 
through  theporou!,  partition  it  accumulates  to  a  lery  small  extent 
at  the  bottom  of  the  outer  vessel,  and  thence,  on  the  tap,  t,  being 
turned,  it  flows  through  the  tube,  f,  into  the  receiver,  c.  There 
is,  however,  always  sufficient  water  or  solution  in  g  to  cover  the 
*tid  of  the  tube  f  to  prevent  air  passing  upwards  into  the  cell. 
Such  a  cell,  measuring  \i\  X  5J  inches  and  izj  inches  deep, 
offers  an  internal  resistance  of  about  o'2  ohm,  and  furnishes  an 
electro- motive  force  of  2-1  volts. 

In  a  later  form  each  cell  contains  five  cylinders  of  zinc  joined 
together  so  as  to  give  a  large  positive  surface,  the  negative  element 
ronsisting  of  eight  carbon  plates.  The  other  details  correspond 
'0  those  shown  in  figs.  26  and  27,     The  inlet  tube  is  connected 
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direct  to  the  apparatus  in  which  the  chlorine  gas  is  generated,  the^ 
outlet  tube  being  connected  to  the  inlet  of  the  next  cell,  the  oudetoT 
which  is  in  its  turn  connected  to  the  bottom  of  the  first  of  a  seria 
of  vertical  columns,  made  by  carefully  sealing  together  a  number 


Fig.  27. 


of  ordinary  earthenware  drain-pipes.*  The  top  of  the  first  of  thea( 
columns  is  connected  to  the  bottom  of  the  second,  and  so  on,  the 
top  of  the  last  of  the  series  being  provided  with  an  outlet  ml* 
extending  into  the  outer  air.  Chlorine  gas  is  rather  more  tW 
twice  as  heavy  as  air,  so  that  as  the  gas  first  enters  at  the  borto« 
of  the  cells  it  drives  out  the  superincumbent  air  by  ordinary  dis^ 
placement.  Similarly  with  the  reservoir  columns,  the  first  beiit 
filled  with  chlorine  before  any  enters  the  second  column,  ant 
so  on.     The  connecting  tubes  are  of  lead,  which   is  the  nws 

'  In  the  earlier  form  of  the  battery,  a  very  pretty  and  ingenious  aspirator  «• 
connected  to  the  battery  which  served  the  ptirpose  of  drawing  the  gas  thioQC^ 
as  required. 
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iurable  material  available,  as  it  has  only  a  feeble  affinity  for 
iilorine  at  ordinary  temperatures.  A  piece  of  glass  tubing  is  let 
mo  each  of  the  lead  pipes  connecting  the  reservoir  columns,  and, 
the  back  of  the  glass  being  painted  white,  the  presence  of  the 
chlorine  is  easily  recognised  by  its  distinguishing  greenish-yellow 
hue. 

There  are  various  ways  of  generating  chlorine,  the  method 
employed  by  Mr.  Upward  being  that  of  heating  a  mixture  of 
manganic  oxide,  sulphuric  acid,  and  brine  (sodic  chloride).  The 
reaction  is  represented  by  the  equation  : — 

MnO,  +2SO4HJ  +2NaCl  =  S04Na.i  +S04Mn  +2OH2  4-CI3 

MatuBuac    Solphnric  Sodic  Sodic         Manganous         Water.    Chlorine, 

oxide.  add.  chloride.  sulphate.        sulphate. 

The  whole  of  tbe  chlorine  contained  in  the  salt  is  thus  reduced 
to  the  gaseous  state. 

The  apparatus  employed  for  the  generation  of  the  gas  is  illus- 
lated  in  fig.  28.  In  a  round  earthenware  pan  is  placed  the  perfo- 
ated  earthenware  tray  previously  filled  with  the  black  manganic 
jxide,  sufficient  for  two  or  three  weeks'  run.  The  cover  is  then 
?bced  in  position  and  sealed  with  water  run  into  the  groove 
thown  in  the  pan.  The  brine  and  acid,  which  are  stored  in  jars, 
kre  supplied  daily  through  the  inlet  tube  shown  on  the  right  of 
the  pan,  the  spent  liquid  being  drawn  off  at  the  tap  on  the  left, 
vhich  is  connected  directly  with  the  drain  by  means  of  a  sealed 
pipe.  The  whole  being  placed  in  a  sand  bath,  sufficient  heat  is 
Applied  by  a  small  gas  jet  or  oil  flame  to  bring  about  the  required 
chemical  changes.  The  gas  is  conveyed  by  the  tube  shown  at 
^e  top  to  the  first  of  the  battery  cells.  When  it  is  required  to 
le  charge  the  retort  with  manganic  oxide,  it  is  flushed  out  with 
*^ter  (entering  at  the  same  aperture  as  the  acid)  to  remove  any 
trace  of  the  chlorine  gas.  The  lid  and  tray  of  spent  oxide  are 
then  taken  out  and  a  spare  tray  filled  with  fresh  oxide  inserted 
^d  the  lid  replaced. 

These  cells  might  be  joined  up  in  a  sufficiently  long  series  to 
"ght  a  number  of  incandescent  lamps  directly,  but  that  number 
*ould  be  limited  owing  to  the  comparatively  high  internal  resist- 
ance of  the  battery.  It  is  suggested,  therefore,  to  employ  only  a 
couple  of  cells,  and  with  them  to  charge,  one  by  one,  a  number 
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of  secondary  cells  (see  Chapter  XIV.),  the  primary  current  I; 
automatically  switched  from  one  cell  to  the  next,  after  it  has  tif 
charging  it  for  a  certain  time.  Clever  in  conception  as 


undoubtedly  is,  it  is  -scarcely  one  that  Lould  be  placed  in  the 
of  inexperienced  people,  or  be  relied  upon  to  maintain  an  el 
light  installation  for  any  length  of  time.     Chlorine  gas,  again, 
very  insidious,  and  its  occasional  escape  in  greater  or  less  qtianl' ' 
ciwld  hardly  be  prevented.     Were  it  perfect,  however,  there  w 
only  be  a  limited  field  open  for  its  employment,  and  that 
very  small    scale.      Its  expense    would    prevent  it  ever 
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into  competition  with  the  dynamo  machine  for  work  on  a  large 
scale. 

There  are,  of  course,  a  vast  number  of  cells  which  we  have  not 
considered  it  necessary  to  describe  here,  but  they  may  generally 
be  placed  under  one  or  other  of  the  typical  heads,  viz.  the  Daniell 
with  a  metallic  salt,  or  the  Grove  with  an  acid,  in  the  negative  divi- 
sion. The  general  difference  is  that  the  latter  polarises  more  or  less 
rapidly,  while  the  former  does  not  polarise,  but  is  kept  constant  by 
the  metallic  deposit  upon  the  negative  plate. 

Primary  batteries  are  of  but  little  service  in  electric  light- 
ing. They  are,  of  course,  valuable  for  testing  purposes,  but  as 
j  sources  of  current  for  the  electric  light  they  are  altogether  out  of 
'  place,  except  for  small  isolated  work,  owing  to  the  fact  that  zinc, 
which  \s  in  every  case  used  as  the  positive  plate,  and  which,  being 
consumed  in  the  generation  of  the  current,  corresponds  to  the 
coal  consumed  in  an  engine,  is  very  many  times  dearer  than  coal. 
Even  were  expense  a  question  of  minor  importance,  there  still 
cemains  the  fact  that  primary  batteries  are  very  troublesome  to 
maintain,  and  more  often  than  not  give  off  noxious  fumes,  which 
ire  also  as  a  rule  highly  corrosive.  What  is  really  wanted,  putting 
iside  altogether  the  question  of  expense,  is  some  simple  form  of 
:eU,  of  which  the  constituents  can  be  easily  obtained  and  replaced ; 
from  which  no  injurious  fumes  can  arise  ;  which  shall  have  a  high 
electro-motive  force  and  a  low  internal  resistance,  and  be  fairly 
constant  withal. 

There  are  three  considerations  that  have  to  be  taken  into 
account  when  determining  what  kind  and  what  number  of  cells  it 
would  be  most  advisable  to  employ  for  any  particular  purpose — 
viz.  the  relative  constancy  and  electro-motive  force,  and  the  ratio 
between  the  internal  resistance  of  the  cell  and  the  external  resist- 
ance, or  the  resistance  of  the  connecting  wires  and  apparatus. 
It  will  have  been  gathered  that  there  is  in  this  matter  of  electro- 
motive force  and  constancy  considerable  variation.  We  will  not 
enter  here  into  the  matter  of  expense,  for  in  the  end  that  which  is 
the  best  cell  for  any  particular  purpose  generally  proves  to  be  also 
the  cheapest  The  internal  resistance  is,  however,  an  important 
factor.  If  it  were  negligible,  it  would,  for  example,  be  possible  to 
maintain  a  current  of  one  ampere  by  one  Daniell  cell  working 
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through  an  external  resistance  of  one  ohm,  for  as  (see  Chapter  11.^ 

E.I  volt 
c  =  — ,  then  — T-    =  I  ampere. 
R  I  ohm 

But  the  average  Daniell  cell  offers  four  ohms  resistance,  so 
the  current,  where  r  is  the  external  resistance  of  one  ohm,  and 
the  internal  resistance,  would  be 

F.  T 

=  '2  ampere  ; 


R  +  r        1  +  4 

and  if  we  were  to  attempt  to  increase  this  current  materially  by  the 
addition  of,  say,  nine  other  similar  cells,  we  should  fail,  for  then 

ICE                  lo  ^  , 

= =  '2  5  ampere  nearly. 


R  +  lor       1+40 
Similarly,  with  100  such  cells  through  this  unit  resistance 


looE  100  , 

=  '25  nearly. 


rH-  100  r        1  +  400 

We  see,  then,  that  increasing  the  number  of  cells  in  this  xraj 
when  the  external  resistance  is  low,  produces  no  correspondin| 
good  effect,  for  the  simple  reason  that,  although  we  might  proj 
tionally  increase  the  electro-motive  force  by  so  doing,  we  sh< 
at  the  same  rate  increase  the  circuit  resistance.     As  a  matter 
fact,  no  ordinary  Daniell  cell  or  battery  can  possibly  develop  a 
current  of  one  ampere,  its  internal  resistance  being  too  high. 

On  the  other  hand,  were  we  to  employ  Grove  cells  (which  for 
simplicity  we  will  assume  to  have  an  electro-motive  force  of  2  volts 
per  cell),  the  advantage  of  increasing  the  number  of  cells  on  a  low 
resistance  circuit  soon  becomes  apparent.  For  example,  with  an 
external  resistance  of  i  ohm  and  an  internal  resistance  of  -2  ohm 
per  cell,  one  cell  would  give  us, 


E 


R  -f  r       I  -|-*2 

Two  such  cells  w^ould  produce 

2E       4 

R  +  2r  ""  I  +  "4 


=  1*6  amperes. 


=  2*85  amperes. 
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jid  three  cells 


3E      _      6 


=  3*8  amperes  nearly. 


R  +  3r       I  +  "6 

Similarly,  four  cells  would  give  4'4  amperes  and  ^vt.  cells  would 
ield  5'o  amperes.     But  from  ten  cells  we  should  only  get 


ICE  20 


=  6*6  amperes. 


R  +  lor        1  +  2 
IVhile  with  loo  such  cells  the  current  would  be 

lOOE  200 


R  +   lOOr  I    -r   20 


=  9*5  amperes, 


ihoving  again  that  as  the  internal  resistance  approaches  or  ex- 
:eeds  the  external,  the  proportional  current  from  the  battery  is 
educed,  ^\^len,  however,  the  external  resistance  is  relatively 
igh,  say  i,ooo  ohms,  the  battery  resistance  becomes  propor- 
onally  low,  and,  therefore,  to  a  certain  extent,  negligible.  The 
urrent  from  one  Daniell  cell  would  be 

E  I 

c  = = =  •000006  ampere. 

R  +  r       1000  +  4 

ffrth  ten  cells  we  should  get, 

ICE  10 


R  +  lor       1000  +  40 


=  •00961  ampere. 


jr,  practically,  a  current  of  tenfold  strength. 

Similarly,  with  a  battery  of  100  cells,  we  should  get 

looE  100 

=  '0714  ampere. 


R  +  loor       1000  +  400 
Again,  one  Grove  cell  would  give  through  1000  ohms 

E  2 

c  = =   -.  -      --,  =  -002  ampere, 

R  +  r       1000  -I-  '2 


and  ten  cells  would  give 

lOE  20 


R  +  lor       1000  +  2 


=  '01 99  ampere* 


L 
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From  loo  cells  we  should  get — 

looE  200  ^ 

=  -196  ampere. 


R  +  loor       1000  4-  20 

With  either  the  Daniell  or  the  Grove  the  strength  of  the  cuireol 
increases  in  almost  the  same  ratio  as  the  number  of  cells  when  the 
external  resistance  is  high.  But  as  the  Grove  is  vastly  inferior  ID 
the  Daniell  in  constancy,  and  as  it  is  a  very  expensive  fonn  of 
battery,  the  deduction  is  that  Daniell  cells  should  be  used  fat 
•circuits  of  high  resistance,  compensating  for  their  lower  electn^ 
motive  force  by  a  corresponding  increase  in  numbers.  On  dK 
other  hand,  the  Grove,  in  consequence  of  its  low  internal  re- 
sistance, is  better  adapted  for  circuits  of  low  resistance. 

The  internal  resistance,  however,  of  different  cells  of  any ! 
particular  type  varies  inversely  as  the  size  of  the  plates  (coundi^ 
only  the  active  or  opposed  surfaces).  It  also  varies  directly  as  the 
distance  between  them  (making  due  allowance  for  the  resistaoct 
of  the  porous  pot,  which  would,  of  course,  have  a  constant  valae 
unless  varied  in  size  or  thickness).  The  meaning  of  this  is  plai^ 
for  if  we  were  to  double  the  size  of  the  plates  we  should  halve 
resistance  and  proportionally  increase  the  current  strength. 

The  same  object  is  attained  by  joining  cells  in  'parallel.' 
far  we  have  only  considered  them  as  joined  in  series,  that  is  to 
say,  the  copper  of  one  cell  joined  to  the  zinc  of  the  next  and  so 
on.  Under  such  circumstances  the  electro-motive  force  of  the 
battery  is  equal  to  the  sum  of  the  electro-motive  forces  of  the 
various  cells.  If  the  coppers  of  two  cells  are  joined  together,  and 
likewise  the  zincs,  and  the  two  junction  wires  connected  to  the 
external  circuit,  a  current  will  be  developed  by  an  electro-motive 
force  equal  to  that  of  one  cell,  the  joint  resistance  of  the  two  equal 
cells  being  half  that  of  one  of  them  used  separately.  The  arrange- 
ment is,  in  fact,  equivalent  to  doubling  the  size  of  the  plates. 

This  will,  perhaps,  be  made  clearer  by  a  reference  to  the 
diagrams,  figs.  29,  30,  and  31.  Fig.  29  represents  a  battery  d 
three  cells  joined  in  series,  the  short  thick  strokes  representing  the 
zinc  or  positive  plates,  and  the  long  thin  ones  the  copper  or  nega- 
tive plates.  Fig.  30  shows  two  cells  joined  up  in  parallel.  If  they 
are  both  of  exactly  the  same  electro-motive  force,  no  current  can 
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ow  from  c  to  c  or  from  z  to  z,  but  on  joining  the  external  wires 
and  B  together,  a  current  would  be  generated  by  each  cell  and 


ptes  through  the  external  circuit  from  b  to  a.     As  already  stated^ 
the  joint  resistance  of  these  two  cells  would  be  half  that  of  one 


Fig.  30. 


^  them.    With  a  low  external  resistance  the  current  strength 
•o^d  be  increased  proportionally.     In  fig.  31  are  shown  sixteen 


Fig.  3x. 


cells  divided  into  four  sets  of  four  cells  each,  the  sets  being  joined 
'^P  in  paralleL  On  completing  the  external  circuit  a  current  will 
having  an  electro-motive  force  equal  to  that  of  four  cells, 
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but  the  battery  resistance  will  be  only  one-fourth  of  that  of  f( 
cells. 
•    The  joint  resistance  of  any  number  of  parallel  batteries  i 

equal  to      ,  where  r  is  the  resistance  per  cell,  s  the  number 

such  cells  joined  up  in  series  in  each  individual  battery,  and  b  tfas 
number  of  such  batteries  joined  together  in  parallel.  This  if 
simply  an  application  of  the  law  that  with  a  number  of  conductofc 
N,  of  uniform  resistance,  R,  joined  together  in  parallel,  their)  ^ 

resistance  is  equal  to  -.     For   rs  is   the  total  resistance  ot 

N 

of  the  batteries  joined  together  in  parallel.     This  arrangemi 
is  sometimes  very  advantageous ;  for  example,  if  sixteen  Dam 
cells,  each  of  i  volt  electro-motive  force  and  4  ohms  inl 
resistance,  are  employed  in  series  for  a  circuit  of  4  ohms  extern 
resistance,  the  current  will  be 

—  =  '235  ampere  .         .         .       (4 

4-1-64 

By  dividing  the  cells  into  two  sets  of  eight  cells  each  and  jomfl 
these  in  parallel,  the  current  is  increased,  thus 

=  •400  ampere  .        .         .       (^I- 

On  rearranging  the  cells,  as  shown  in  fig.  31,  the  current  become 

-  ^      =  '500  ampere    .        .         .        (j)* 
4  +  4 


Pursuing  this  plan  any  further,  however,  results  in  a  diminution 
the  current  \  for  example,  if  eight  sets  of  two  cells  each  are  joi^* 
in  parallel,  we  get 

I  —  =  -400  ampere  .         .        .       U)- 

4  +  1 

While  with  the  whole  of  the  sixteen  cells  joined  in  parallel  "^  ^' 
only 

=  *235  ampere ...       (5)* 

4  +  -25  ^^       ^ 

With  circuits  of  comparatively  low  external  resistance  there  & 
therefore,  a  best  possible  arrangement  of  the  cells  to  gi^*^  ^ 
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tJOngest  possible   current,  and  with  any  given    number  of  celh 
bis  anrangement  is  axrived  at  when  the  internal  resistance  is  equa 

o  the  external,  or  wHen  r  ==  - . 


B 


Such  an  arrangement  is  not,  however,  economical ;  nor,  indeed 
s  any  an^ngement,  unless  the  external  resistance  is  considerablv 
in  excess  of  the  internal.     As  has  been  already  stated,  the  strength 
of  the  current  is  the  same  in  all  parts  of  the  circuit,  consequently 
m  (i)  sixteen  times    as  much  zinc,  &c.,  is  consumed  in  the  sixteen 
ckHs  as  would  be  consumed  in  a  single  cell  capable  of  maintainino- 
an  equal  current.       In  (3),  however,  each  set  of  four  cells  must  be 
considered  as  a  separate  or  branch  circuit,  and  only  one-fourth  of 
the  current  flowing  in  the  external  circuit  would  flow  through  each 
if  these    separate     sets.      The  external  current  is  approximate!  v 
wice  as  strong  as  in  (i).    Therefore  the  individual  current  in  each 
ell  and  the  consec^uent  consumption  of  zinc  is  only  half  as  great 
°  (5)»  where   tHere    are   sixteen  cells  in  parallel,  a  current  is  pro 
iuced  eq^ual    to     that   resulting  from  a  battery  of  sixteen  cells  i»^ 
eries,  hut,  the  cells  heing  joined  up  in  parallel,  only  one-sixteenthi 
€  this  current  flo>«rs  through  each  cell,  so  that  the  total  consurnn 
ion  of  zinc  in  the  sixteen  cells  is  equal  to  that  in  but  a  single  celi 
n  (x),  clearly  demonstrating  the  advantage,  from  an  economical 
^int  of  vieijv,  of  nsing  batteries  much  lower  in  resistance  than  th 
wire  or  apparatus  through  which  the  current  has  to  flow.  ^ 

One  important  feature  concerning  the  proportion  between  th 
p-oss  electro -motive  force  of  the  battery  and  the  difference  ^ 
potential  it  can  maintain  in  any  given  external  circuit  requ*  ^^ 
ireful  consideration,  for  it  is  a  feature  that  is  frequently  lost  s*^^^^ 
3f.  It  was  pointed  out  in  Chapter  II.  that  in  any  given  ci  -^ 
the  feD  of  potential  varies  directly  as  the  resistance,  so  that  i  ^^^^^ 
sphere  tKe  internal   bears  to  the  external  resistance'the  uro  ^^  - 

^f  eO  to   X,   only  one -seventeenth  of  the  16  volts  develonedT^'u'' 
M.tterv  is  available  in  the  external  circuit,  the  remainin      • 
seventeenths  being  absorbed  in  overcoming  thf^  r..-  .       ^^^^^^n- 
^attery.        Xn  (3)  the  resistances  outside  the  batl  '  I  ""^  '^^ 

h^t  inside,  the  electro-motive  force  of  4  voUsS  ^^^^ 
^olte  \>eing    available  for  the  external  circnt     o?^^  ''    ^^^J^' 

'  ~      electro-motive  force  for  the  1:.  Similarly  in  (5), 

^^ternal  circuit  is  sixteen- 
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seventeenths  of  a  volt  (the  gross  electro-motive  force  developed 
being  i  volt),  or  equal  to  that  produced  by  the  sixteen  cells  joined 
up  in  series,  as  in  (i),  where,  as  already  shown,  the  consumption 
of  materials  is  sixteen  times  as  great,  and,  speaking  generally,  we 
may  say  that 

R 


P  =:  E 


R  +  r 


Where  e  is  the  electro-motive  force  developed  by  the  battery,  r  is 
the  external  resistance,  r  is  the  internal  resistance,  and  p  the 
available  potential  difference  at  the  terminals  of  the  battery.  For 
example,  with  a  battery,  as  in  (4),  whose  internal  resistance  ys 
I  ohm  working  through  an  external  resistance  of  4  ohms,  and 
having  an  electro-motive  force  of  2  volts,  the  available  potential 
difference  will  be 

p  =  2      -     -  1-6  volts, 
4  +  I 

The  available  potential  difference  can  also  be  ascertained  in 
another  way  which  does  not  involve  the  necessity  for  ascertaining 

the  external  resistance.     Ohm^s  law  declares  c  =  -   or,  e  =  c  R. 

R 

And  this  is  true  either  of  a  complete  circuit  or  simply  of  a  part  of 
a  circuit.  If,  for  instance,  in  a  circuit  of  known  or  unknown 
resistance  the  current  strength  is  found  to  be,  say,  1*5  amperes, 
and  that  a  portion  of  the  circuit  offers  a  resistance  of  3  ohms, 
then  the  fall  of  potential,  or  the  electro-motive  force  absorbed,  in 
that  portion  of  the  circuit  will  be 

E  =  c  R  -    1-5   X  3  =  4'5  volts. 

If  the  known  resistance  is  that  of  the  battery  (r),  it  follows  that  4*5 
volts  wall  be  the  electro-motive  force  absorbed  by  the  battery,  and 
if  that  is  deducted  from  the  total  electro-motive  force  developed 
(say,  20  volts),  the  remainder  will  be  the  available  potential 
difference  for  the  external  circuit,  or 

p  =  E  —  c^  =  20  —  (1-5  X  3)  =  15*5  volts. 

Occasion  sometimes  arises  for  substituting  one  form  of  battery 
for  another  without  making  any  appreciable  change  in  the  current 
strength.     If  the  internal  resistance  were  negligible,  this  would,  ^^ 
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course,  be  a  matter  of  no  difficulty  ;  but  even  when  it  is  requisite 
to  make  allowance  for  the  battery  resistance,  a  simple  formula  can 
be  employed  to  ascertain  the  number  of  cells  necessary  to  develop 
a  given  current  strength.  For  example,  suppose  that  a  battery  of 
100  cells,  with  an  electro-motive  force  of  i  volt  and  an  internal 
resistance  of  4  ohms  per  cell,  sends  a  current  through  an  external 
resistance  of  400  ohms,  then  the  current  will  be 

looE                 100 
:= =  '125  ampere. 

I  cor  +  R       400  +  400 

Substituting  some  other  form  of  battery  with  an  electro-motive 
force  of  2  volts  and  an  internal  resistance  of  i  ohm,  and  letting 
«  be  the  number  of  such  cells  necessary  to  develop  o'i25  ampere, 

Chen 

«2  ^  I 

.  =  -125  =  -  ampere, 


»  X  I  +  400  8 

that  is  to  say, 

2n       __  I 

n  -\-  400       8* 

or,  i6«  =1  n  +  400 

i5«  =  400 

n  =  42?  =  26-6. 
15 

Twenty-seven  of  these  2 -volt  cells  would  maintain  in  the  circuit  a 
current  of 

27E  KA  r 

1 =  — 2z —  =  •126  ampere. 

i^r  -f-  400        27  -f  400 

Twenty-six  cells  would  be  insufficient  for  the  purpose.  This 
fonnula  also  possesses  the  advantage  of  providing  the  same  poten- 
tial difference  at  the  terminals  of  the  battery,  as  well  as  that  of 
furnishing  the  number  of  cells  necessary  to  develop  an  equally 
strong  current. 


o 
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CHAPTER   IV. 

MEASUREMENT  OF   CURRENT   STRENGTH- 

Having  in  the  preceding  chapters  shown  how  a  current  of 
tricity  can  be  generated  and  maintained,  and  having  also  exj 
the  various  units  by  which  we  can  measure  that  current,  as 
the  resistance,  and  the  pressure   or  electro-motive   force 
maintains  the  current,  it  behoves  us  now  to  turn  our  attentit 
the  methods  of  making  such  measurements  and  the  consider 
of  the  laws  involved.     In  order  to  make  the  student's  pi 
at  this  difficult  stage  as  easy  as  possible,  we  will  approac 
subject  experimentally. 

If  a  wire,  ab  (fig.   32),  carrying  a  current  is  brought 
another  wire,  c  d,  also  carrjung  a  current,  it  is  found  that 


Fig.  3a. 


B 


a  decided   action   between  the  two  wires.     If  the   currents 
flowing  in  the  same  direction,  as  shown  by  the  arrow-head^ 
fig.  32,  the  wires  are  attracted  one  to  the  other.     On  the 
hand,  if  the  currents  travel  in  opposite  directions,  as  in  fig.  J! 
repulsion  ensues. 

Fig.  33. 


A 


B 


D 


The  force  of  this  attraction  or  repulsion  depends,  among  octa 
considerations,  upon  the  strength  of  the  current.     It  would  b 
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issible,  therefore,  to  take  advantage  of  this  effect  as  affording  a 
cans  of  estimating  or  measuring  current  strength,  and  a  device 
r  50  doing  wilJ  be  descnbed  presently 

how  11  IS  impossible  for  any  action  to  take  place  between  the 
0  wires  without  the  aid  of  some  intervening  medium  lo  transmit 
«  force  This  medium  is  the  same  as  that  which  transmits  the 
ectncal  stresses  in  the  other  or  static  state  of  electricit)  that  state 

which  a  bod>  affected  b>  it  is  said  to  be  electrified  or  charged 
ith  dectnc  t)  and  is  in  all  probability  the  hght  carrying 
her 

Although  It  IS  difficult  to  understand  the  precise  action  in  this 
Be,  It  IS  easj  to  show  experimentally  the  direction  m  which  the 
iccaets. 

Il  we  thread  a  wire  which  is  carrying  a  current  through  a  piece 

cardboard,  and  sprinkle  iron  fihngs  on  the  cardboard  they  will 


irange  themselves  in  concentnc  circles  round  the  wire  as  shown 
1  fig  J4,  This  arrangement  is  caused  solely  by  the  current 
"id  may  be  observed  at  any  part  of  the  wire      1  he  lines  thus 
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marked  out,  which  show  the  direction  in  which  the  force  due  o 
the  current  acts,  are  called  Mines  offeree.' 

As  in  the  case  of  the  imaginary  lines  considered  in  Chapter  I., 
it  is  necessary  to  assume  for  them  a  certain  direction.   That  direc- 
tion along  a  line  of  force,  indicated  by  the  arrows  in  fig.  35,  ii 
called  the  *  positive  *  direction.     The  direction  can  be  impressed 
Fig.  35.  upon  the  memory   by   thinking  of  the  act  of 

using  a  corkscrew.     If  the  longitudinal  directioa 
of  the  screw,  either  into  or  out  of  i^t  cortbe 
taken  to  represent  the  direction  of  the  current, 
then  the  positive  direction  of  the  lines  of  force 
will  be  that  in  which  the  handle  rotates,  so  that 
,   if  in   fig.    35   the   downward   direction  of  die 
\^        1 1       ^y    current  were  reversed,  the  positive  direction  of 
"*~'  '    *"  the  lines  of  force  would  be  in  the  opposite  direc- 

tion to  that  indicated  by  the  arrow-heads, 
space  around  the  wire  in  which  the  effeit 
the  current  is  perceptible  is  called  an  *  el 
magnetic  field,'  and  it  is  important  to  remeirJ 
that  the  strength  of  this  field  is  exactly 
portional  to  the  strength  of  the  current  producing  it  It 
tends  from  the  axis  of  the  wire  as  a  centre  throughout  the 
rounding  space,  but  as  the  distance  from  the  wire  increases, 
effect  is  w^eakened  until  it  at  last  becomes  so  feeble  as  to  be  i* 
perceptible.  The  lines  of  force  traversing  this  field  obey  precisdf 
the  same  laws  as  those  laid  down  for  the  lines  due  to  a  staic 
charge,  and  the  interaction  between  two  sets  of  lines  of  force  ca 
always  be  predicted  by  remembering  that  their  universal  tendency 
is  to  coincide  in  direction  and  to  shorten  themselves. 

Reverting  to  the  exi)eriment  with  the  two  wires  carrjing  ibe 
currents,  it  may  be  said  that  the  force  exerted  between  theJ 
always  tends  to  move  them  so  that  they  shall  take  up  such  i 
position  that  the  currents  flow  in  the  same  common  direction  f5» 
in  ^g,  32)  and  that  the  wires  as  nearly  as  possible  coincide.  To 
prove  this,  it  is  necessary  to  allow  at  least  one  of  the  wires  to  Ik 
capable  of  moving  freely  and  with  as  little  restraint  or  friction  25 
possible.  This  can  be  done  by  means  of  a  simple  deWce  W 
constructing  a  movable  or  floating  battery  cell.     Let  a  cork  1< 
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fitted  to  a  small  glass  beaker  partly  filled  with  diluted  sulphuric 
acid,  and  through  the  cork  pass  wires  carrying  thin  strips  of  zinc 
and  copper  or  silver,  completing  the  circuit  externally  by  means 

of  a  stiff  but  not  too  heavy  piece  of  wire,  as  shown   in  fig.  36. 

The  small    beaker  cell   can  Fio.  36. 

then  be   placed   in  a   larger 

beaker,  or  any  other  con- 
venient vessel  full  of  waier, 

and,  unless    loo   much   acid 

solution  has  been  placed  in 

the  sinaller  beaker  or  the  solid 

[xjrtions  are  made  unneces 

sarily  heavy,  the  cell  will  float 

readily  upon  the  water.     If  a 

wire  carrying  a  strong  cur- 
rent is  placed  parallel  to  the 

straight  part  of  the  wire,  a  b,  so  that  the  currents  flow  in  opposite 
wire  ab  will  he  repelled,  and,  the  cell  Boating 
completely  round,  so  thai  the  currents  flow  in  the 
;  it  will  then  be  attracted 

until  ab  lies  as  near  as  possible  to  the 

These  effects  may  be  increased  by  in- 
creasing the  length  of  the  wires,  but  very  , 
long  straight  wires  would  be  cumliersome  ■, 
and,  in  fact,  impracticable.  It  is,  there- 
fore, more  convenient  to  coil  them  up  into 
flat  spirals  (fig.  37),  covering  the  wire  with 
silk,  cotton,  or  some  insulating  material, 
to  prevent  adjacent  convolutions  getting 
into  contact.  The  effect  between  the 
spirals  will  be  identically  similar  to  that  between  the  same  two 
wires  straightened  out.  For  many  i>urposes,  however,  it  is  pre- 
ferable to  coil  the  wire  into  3  long  spiral  or  helix.  In  fig.  38 
one  of  the  helices,  a  b,  is  floated  in  a  manner  similar  to  that 
adopted  in  fig,  36,  the  other  helix,  a  b,  being  placed  near  it. 
The  action  between  two  such  helices  is  very  decided,  and,  being 
of  exactly  the  same  character  as  that  between  the  straight  wires 
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or  flat  spirals,  may  be  predicted  by  remembering  the  laws  we  haw 
just  stated. 

If  the  currents  are  flowing  in  opposite  directions  round  adja- 
cent ends  of  the  spirals  or  helices,  repulsion  will  take  place,  and 
the  floating  helix,  moving  more  easily  than  the  other,  will  recetk, 
and,  turning  completely  round  on  its  vertical  axis,  will  approadi 
with  its  opposite  end  to  the  fixed  spiral,  as  in  fig.  38.  The  currcD^ 

Fig.  38. 


will  then  be  flowing  in  the  same  direction,  and  the  floating  hc'ii 
being  comparatively  large  and  its  movements  not  restricted,  ii  ^1 
not  come  to  rest  until  it  has  threaded  itself  on  to  or  overibe! 
other  spiral.  Such  a  spiral  or  helix  of  wire  acts  as  if  the  tVnx 
resided  at  its  extremities,  which  are  termed  its  *  poles,'  and  it  i^  1 
this  reason  that  this  form  of  spiral  is  called  a  solenoid. 

Now  the  strength  of  an  electro-magnetic  field  may  be  measu: 
by  the  density  of  its  lines  of  force  or  the  number  contained  in 
given  area.  From  the  experiment  shown  in  fig.  34,  it  is  clear  ibi 
the  lines  are  much  denser  near  the  wire  than  at  a  distance  from  it 
This  is  also  the  case  when  the  wire  is  coiled  up  into  a  helLx.  11*5 
greater  part  of  them  there  form  little  circles,  closely  embracing  the 
wire  from  which  they  are  generated,  and  comparatively  fev  i 
these  circles  of  force  pass  through  the  space  at  the  ends  or  poles 
of  the  solenoid,  where  the  force,  generally  speaking,  appears  to  i« 
concentrated.  It  will  be  evident  that  if  we  can  by  any  means 
divert  the  circles  of  force  so  as  to  compel  more  of  them  to  pass 
through  the  ends  of  the  solenoid,  then  its  effective  strength  wil 
be  greatly  increased. 

Experiment  has  demonstrated  that  iron  offers  a  far  easier  patli 
for  these  lines  of  force  than  the  air  does — so  much  easier,  in  fact. 
that  they  will  alter  their  circular  shape  and  extend  a  considerable 
distance  from  their  respective  portions  of  the  wire  in  order  to  pass 
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hrough  a  piece  of  iron.  This  affords  us  a  ready  means  of  leading 
ht  lines  10,  and  concentrating  them  at  almost  any  point  we 
please.  It  may  be  mentioned  that  the  relative  facility  with  which 
the  lines  of  force  are  propagated  by  good  soft  iron,  or  the  electro- 
magnetic conductivity  of  the  iron  as  compared  with  that  of  air, 
may  be  as  high  as  30,000  to  1. 

If,  then,  we  place  a  bar  of  iron  inside  a  solenoid,  a  large  per- 
cenuge  of  ihe  lines  of  force  lose  their  circular  form,  and,  passing 


w  ougb  ih  on  core  {as  t  s  called)  he  e  e  t  at  its  ends 
to  compleie  the  r  excurs  on  round  the  wire  f  on  »h  ch  they  were 
XWeta  ed.  An  example  of  ch  s  act  on  of  ron  s  shoun  n  fig,  39,' 
**nch  illustrates  the  field  developed  by  a  powerful  current  travel- 
iing  through  a  solenoid  of  a  few  turns,  having  a  core  of  compara- 

'  We  aie  indebted  lo  the  proprietors  of  Enginetring  for  permission  to  re* 

PWllW  %5.  39  to  42. 
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lively  small  dimensions.  Were  a  larger  or  more  massive  core  \o 
be  introduced,  even  more  of  the  lines  of  force  would  exteDcl 
themselves  through  the  iron  instead  of  circulating  in  the  immediaie 
vicinity  of  the  wire. 

Fitted  with  these  iron  cores,  the  strength  of  the  action  between 
two  solenoids  is  enormously  increased.  But  here  we  must  issue  a 
word  of  warning.  It  must  not  be  supposed  that  because  we 
thus  increase  the  polar  strength  of  the  solenoid,  we  have  even  iff 
the  slightest  degree  augmented  the  electro-magnetic  force  itsdt 
With  a  given  current  and  a  given  length  of 'wire,  that  force  is  a 
constant  quantity,  the  sum  total  of  which  cannot,  in  any  sense  of 
the  word,  be  increased  by  the  addition  of  a  mass  of  iron,  or  evea 
by  any  variation  in  the  disposition  of  the  wire,  whether  we  wind  k 
into  a  spiral,  a  solenoid,  or  use  any  other  device.  Were  we  able  tt> 
augment  the  total  force  by  any  of  these  means,  there  would  be 
end  to  the  law  of  the  conservation  of  energy,  which,  as  has  alreai 
been  pointed  out,  declares  that  when  any  one  force  is  produ 
or  developed  it  can  only  be  at  the  expense  of  an  equal  amount 
energy  previously  existing  in  another  or  a  similar  form.  Force 
indestructible  ;  neither  can  we  create  it.  The  doctrine,  theret 
so  frequently  laid  down  that  the  introduction  of  an  iron 
increases  the  electro-magnetic  strength  of  a  coil  of  wire,  is 
leading.  The  only  means  of  increasing  that  strength  or  force 
by  increasing  the  current,  or,  what  amounts  to  the  same  thing, 
increasing  the  length  of  wire  and  increasing  the  batter)^  power  i 
sufficient  proportion  to  maintain  the  same  current  strength, 
us  state  positively,  even  at  the  expense  of  a  little  reiteration, 
what  we  really  do,  by  the  introduction  of  the  iron  core,  is  » 
concentrate  a  much  larger  proportion  of  the  available  force  at 
those  points  where  it  acts  at  the  greatest  advantage,  namely,  at  the 
poles  of  the  solenoid.  We  would  impress  upon  the  student  tbr 
necessity  for  ever  keeping  these  facts  clearly  in  mind. 

The  amount  of  attraction  or  repulsion  exhibited  by  the 
solenoids  furnished  with  their  iron  cores  might  be  used  as  i 
means  of  measuring  current  strength,  but  the  arrangement  is  not 
a  convenient  one,  owing  chiefly  to  the  difficulty  in  obtaining  per- 
fect freedom  of  motion,  the  liability  of  variation  in  the  cumect 
strength,  and  the  varying  properties  of  the  iron. 
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Were  it  not  for  these  disadvantages  we  could  keep  the  electro- 
magnetic force  of  one  of  the  solenoids  constant,  and  send  the 
currents  to  be  compared  and  measured  through  the  other.  But 
here  Nature  comes  in  to  aid  us,  for  it  is  found  that  if  a  piece  of 
hard  iron  or  steel  is  used  as  a  core  for  the  solenoid,  it  retains 
more  or  less  permanently  a  large  portion  of  the  electro-magnetic 
properties  originally  produced  by  the  current.  The  power  or 
ability  of  retaining  such  effects  or  properties  is  known  as  the 
'  retentivity  '  of  the  iron  or  steel,  and  depends  entirely  upon  its 
chemical  composition  and  mechanical  or  molecular  structure. 
This  retentivity  is  the  same  property  as  that  hitherto  known  as 
*  coercive  force,'  which  was  certainly  a  misnomer  and  a  libel  upon 
the  metal.  If  retentivity  corresponds  to  anything  at  all,  it  is  to 
inertia  rather  than  to  anything  that  can  fairly  be  described  as 
coercive.  The  similarity  to  mechanical  inertia  is  seen  in  the  fact 
that  those  samples  which  transmit  the  lines  of  force  freely,  retain 
scarcely  any  of  the  influences  producible  by  them,  while,  on  the 
other  hand,  hard  iron  and  steel,  which  resist  the  propagation  of 
the  lines  of  force,  resist  equally  well  the  vanishing  of  these 
lines  after  the  cessation  of  the  current  which  called  them  into 
existence. 

A  piece  of  iron  or  steel  which  acquires  and  so  retains  the 
power  of  acting  as  a  solenoid,  is  called  a  permanent  magnet,  or 
simply  a  magnet,  and  its  extremities  are  also  called  poles.  The 
lines  of  force  still  enter  and  leave  the  steel  as  they  did  before  it 

Fig.  40. 


was  removed  from  the  helijc,  the  direction  being  shown  in  fig.  40. 
The  end,  s,  at  which  they  enter  is  called  the  south-seeking  pole  of 
the  magnet,  and  the  other  its  north-seeking  pole. 

The  actual  arrangement  imparted  to  iron  filings  sprinkled  on  a 
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sheet  of  paper  placed  over  a  permanent  steel  magnet  is  beautifullr ! 
illustrated  in  fig.  41.  Such  a  distribution  of  the  filings  would  take 
place  in  any  plane  parallel  to  the  axis  of  the  magnci,  for  the  line 
of  force  radiate  from  'the  poles  similarly  in  ail  directions.     The 


distribution  obsi,rved  when  the  paper  is  p'actd  on  the  end  of  tfae 
magnet  and  at  right  angles  to  its  axis  is  shown  in  fig  42. 

If  we  know  the  direction  in  which  the  current  pisses  round 
piece  of  iron  or  steel,  it  is  easy  to  predict  the  direction  of  iB 
polarity ,  for  if  we  look  at  the  end  of  the  bar  and  the  current  ii 
then  flowing  round  it  m  a  nght  handed  direction,  as  in  fig.  4j, 
that  end  will  be  a  south  seeking  pole  ,  but  if  the  current  How  in 
a  left-handed  direction,  as  in  fig  44,  that  end  wdl  be  a  north- 
seeking  pole. 

It  is  the  practice  to  enter  into  a  detailed  description  of  tbt 
difference  between  right-  and  left-handed  helices  with  a  view  10 
facilitating  a  recollection  of  the  electro -magnetic  jTOlarity,  Tho 
a  left-handed  helix  (fig.  45)  is  one  in  which,  from  whichever  aid 
(he  current  enters,  it  will  travel  in  the  opposite  direction  to  iha 


laken  by  the  hands  of  a  clock,  and  will  develop  north-seeking 
polarity  at  the  end  at  which  it  enters  and  south-seeking  polarity 
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K  the  end  of  emergence.  Conversely,  a  right-handed  helix  (fig. 
46)  is  one  in  which  the  current  will  travel  round  in  the  same 
direcogn  as  the  clock-hands.     In  this,  the  entering  end  becomes 
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a  south  pole  and  the  other  a  north  pole.  But  all  this  is  super- 
fluous. It  is  sufficient  to  regard  the  cause  and  effect  in  the  waf 
indicated  in  the  preceding  paragraph. 


Fig.  46. 
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It  is  noteworthy  that  two  magnets  act  one  upon  the  other  ii^ 
precisely  the  same  manner  as  two  helices  or  a  helix  and  a  magne^ 
for  in  every  case  the  movement  or  motion  imparted  is  such  ai 
will  tend  to  make  the  lines  of  force  coincide.  Thus,  if  ooa 
magnet,  a  (fig.  47),  is  brought  near  another,  b,  which  is  suspendei 

Fig.  47. 
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by  a  thread  or  pivoted  on  a  needle-point  at  c,  so  that  it  can 
freely  about  its  centre,  the  force  exerted  between  them  will 
deavour  to  make  the  suspended  needle  take  up  such  a  posil 
as  to  allow  the  lines  of  force  due  to  both  magnets  to  pass 
them  in  the  same  direction.  This  will  happen  when  the 
are  in  line  and  when  their  opposite  poles  are  adjacent,  as  shown 
fig.  47.  In  other  words,  there  will  be  repulsion  between  sii 
magnetic  poles  and  attraction  between  dissimilar  ones. 

If,  however,  both  magnets  are   allowed  perfect   freedom 
motion,  their  ultimate  position  will  be  that  sho>*Ti  in  fig.  48, 


Fig.  48. 
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magnets  then  lying  side  by  side  with  their  dissimilar  poles  adjac 
In  this  position  the  coincidence  of  the  lines  of  force  is  at  a 
mum,  that  is,  the  lines  due  to  each  magnet  turn  round  at  the  ei 
and  pass  through  the  other,  and  in  so  doing  assume  the  easi 
path  for  their  completion.     If  pieces  of  soft  iron,  called  armatuid^ 
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or  keepers,  were  placed  across  the  extremities  of  the  magnets,  the 

circuit  of  the  lines  of  force  would  be  continued  through  them  to 

such  an  extent  that  few  or  none  of  the  lines  would  traverse  the  air. 

These  armatures  are,  however,  rarely  made  properly,  their  mass 

being  far  too  small,  and  their  shape  far  from  the  best  possible  ;  but 

this  point  we  will  deal  with  more  fully  in  Chapter  VII. 

The  strength  of  a  magnet  pole  can  be  estimated  by  measuring 
the  force  with  which  it  attracts  or  repels  another  pole,  the  force 
being  equal  to  the  product  of  the  two  polar  strengths ;  or,  if  m 
represents  the  strength  of  one  pole,  and  Mj  the  strength  of  the 
other,  similarly  magnetised,  the  force  of  their  repulsion  will  be 
MXMj.  This  force  of  repulsion  is  not,  however,  the  same  at  all 
distances,  but  varies  inversely  as  the  square  of  the  distange,  so 
that  we  might  express  the  force  f  between  two  magnet  poles,  by 
ih^  simple  formula, 

>.       MXM, 

/=  -55-. 

where  d  equals  the  distance  in  centimetres  between  the  poles.  It 
is  important  to  bear  in  mind  that  the  distance  between  the  two 
poles  of  each  magnet  should  be  as  great  as  possible — or,  in  other 
words,  that  the  magnet  should  be  as  long  as  possible — to  minimise 
the  error  that  would  be  produced  by  the  ever-present  tendency  of 
the  remote  poles  to  act  contrariwise  to  the  adjacent  ones. 

We  have  already  defined  the  dyne  as  the  unit  of  force,  and  the 
magnet  pole  of  unit  strength  is  such  a  one  that  if  placed  at  a  dis- 
tance of  one  centimetre  from  a  similar  and  equal  pole,  it  will  repel 
it  with  a  force  of  one  dyne.  Consequently,  the  strength  at  any 
point  in  any  field  can  be  determined  by  measuring,  in  dynes,  the 
repulsion  at  that  point  of  a  magnet  pole  of  unit  strength.  In 
every  case,  then,  the  force  acting  upon  a  magnet  pole  is  found  by 
multiplying  the  strength  of  the  pole  by  the  strength  or  intensity  of 
the  field  in  which  it  is  placed.  In  order  to  compare  the  strengths 
of  magnetic  fields  by  the  relative  densities  of  the  lines  of  force,  it 
is  assumed  that  a  field  of  unit  strength  contains  one  line  of  force 
per  square  centimetre. 

The  earth  itself  is  practically  a  huge  misshapen  or  irregular 
magnet,  and  behaves  as  such,  acting  as  if  its  poles  were  situated 
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relatively  near,  but  actually  at  some  distance  from,  the  geogiapfai' 
cal  poles.     If  a  magnet  needle  were  suspended  so  that  it  could 
turn  freely  in  a  vertical  plane,  it  would,  with  a  plane  of  rotatioi 
east  and  west,  point  vertically  downwards  with  its  north  pole ;  bat 
if  the  plane  of  rotation  were  north  and  south,  the  needle  would^ 
in  London,  come  to  rest  with   the   north-seeking  pole  dif^i^; 
downwards,  and  making  an  angle— known  as  the  angle  of  inclina- 
tion or  dip— of  about  67^®  with  the  horizon.     If  another  magnet 
were  suspended  or  balanced  on  a  pivot  in  a  horizontal  plane,  the 
needle  would  set  itself  approximately  north  and  south,  the  noith- 
seeking  pole  pointing  to  the  north  magnetic  pole  of  the  eartL , 
The  axis  of  the  magnet — that  is,  the  straight  line  joining  its  tw> 
poles — would  actually  make  an  angle — known  as  the  angle  cf 
declination — of  about  18*",  with  the  geographical  meridian  passof 
through  its  centre.     It  will  be  observed  that  there  is  here  a  case 
of  attraction  between  the  north  pole  of  the  earth  and  the  nonfe- 
seeking  pole  of  the  magnet;  but  this  is  no  contradiction  of  the  lar 
that  similar  poles  repel  and  dissimilar  attract,  inasmuch  as  tic 
magnetic  properties  of  the  north  pole  of  the  earth  are  in  all 
the  same  as  those  of  the  south-seeking  pole  of  a  magnet 
earth's  total  magnetic  force  can  be  resolved  into  two  compon< 
at  right  angles  to  each  other,  one  acting  in  a  vei 
direction,  tending  to  depress  the  north -seeking 
of  the  needle,  the  other  acting  in  a  horizontal  direc- 
tion and  striving  to  make  it  point  north  and  somk 
Their  relative  values  may  be  found  by  the  familiar 
parallelogram  of  forces  (see  fig.  49).     The  line  a  b  i^ 
drawn  making  an  angle  0  with  the  horizontal  equal 
to   the  angle   of  inclination,  and   the   right-angled 
parallelogram  which  has  a  b  for  a  diagonal  com- 
pleted with  its  sides  horizontal  and  vertical.     Then, 
if  A  B  represents  in  length  the  magnitude  of  the  total  magnetic 
force,  A  c  and  a  d  will  be  proportional  to  the  horizontal  and  ^•er- 
tical  components  respectively. 

When  the  magnet  is  so  balanced  that  it  can  only  move  in  a  | 
horizontal  plane,  then  a  large  proportion  of  the  force — y\z.  the  ' 
vertical  component — is  simply  exerted  in  pressing  the  magnet  00  : 
its  support.    The  remainder,  or  the  horizontal  component  only,  f$ 


Fig.  49. 
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• 
effective  in  making  the  magnet  point  towards  the  magnetic  north 

and  south.  On  the  other  hand,  when  the  plane  of  a  dipping 
needle  is  at  right  angles  to  the  magnetic  meridian,  or  to  the  direc- 
tion of  the  earth's  lines  of  force,  the  vertical  component  only  is 
aaive,  and  the  magnet  points  vertically  downwards,  the  horizontal 
component  spending  its  force  in  pressing  the  pivots  against  their 
bearings,  vainly  striving  to  urge  the  needle  round  into  the  direction 
of  the  dip.  A  horizontally  balanced  magnetic  needle  is  useful  in 
pointing  out  the  direction  of  these  north  and  south  magnetic  poles 
of  the  earth. 

In  consequence  of  the  immensity  of  the  earth  as  a  magnet,  its 
magnetic  field  is  practically  uniform  over  any  small  space — that  is, 
its  lines  of  force  are  parallel  and  equidistant.  It  follows,  therefore,, 
that  the  poles  of  a  needle  floating 
on  water  are  attracted  or  repelled 
with  equal  force  in  any  position, 
and,  as  a  consequence  of  this, 

the  needle  does  not  move  bodily     Ai  L o — n  I  b 

towards  the  north  pole  of  the 
earth,  but  is  simply  directed  so 
ai  to  point  north  and  south.  It 
may  be  stated  that  it  is  a  well- 
known  law  in  mechanics  that  when  two  equal  forces,  parallel  but 
opposite  in  direction,  act  at  the  ends  of  a  rigid  bar,  they  tend  to 
turn  it  round  its  centre.  The  turning  effect  is  greatest  when  the 
forces  act  at  right  angles  to  the  bar,  as  do  c  and  d  in  fig.  50,  a  b 
being  the  rigid  bar.  The  amount  of  this  turning  effect  m  is  equal 
^0  the  sum  of  each  of  the  two  forces  multiplied  by  its  distance 
from  the  centre— that  is, 

M  =  (c  X  o  a)  -h  (d  X  o  b)  ; 

whence,  c  being  equal  to  d, 

M  =  c(o  A  +  o  b) — that  is,  M  =  c  X  A  B, 

or  the  product  of  one  of  the  equal  forces  into  the  perpendicular 
distance  between  them. 

Such  a  pair  of  equal  forces  is  called  a  couple,  the  perpen- 
dicular distance  between  their  direction  being  called  the  arm  of 
the  couple  ;  and  the  turning  effect,  m,  as  measured  by  the  product 
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•of  one  of  the  forces  into  the  arm.  is  the  moment  of  the  couple 
As  the  bar  turns  round  or  rotates,  the  moment  m  is  decreased,  4( 
forces  being  the  same  but  acting  at  less  advantage— in  otW 
words,  the  leverage  is  reduced.  This  will  be  more  evident  framl! 
•consideration  of  fig.  51,  where  the  moment  of  the  couples 
c  X  A  E,  the  new  perpendicular  between  the  forces. 

Reverting  once  more  to  the  experiment  with   the  floaiinj 

needle,  if  we  call  the  strength  of  one  of  the  poles  of  the  needle  n 

Fig.  si.  and  let  h   represent  the  horizontal  codB' 

'  ^  C  ponent  of  the  earth's  magnetic  field,  d« 

the  force  acting  on  each  end  of  the  wedfc 
is  »i  X  H.  If  we  place  the  needle  so  as  tJ 
point  east  and  west,  the  arm  of  the  coapll 
is  equal  to  the  full  length  /  of  the  needlcy 
whence  the  moment  is  »?  x  h  x  /. 
moment  decreases  as  the  needle  ni' 
round  towards  zero,  or  that  position 
which  it  is  pointing  north  and  south, 
moment  is  then  reduced  to  nothing, 
becoming  w  x  h  x  o,  because  the  length 
the  arm  is  nothing ;  consequently, 
needle  remains  at  rest. 

Now,  we  can  cause  any   current, 
strength  of  which  we  may  desire  to  measure,  to  develop  a  field 
strength  /  at  right  angles  to  the  earth's  directive  force— that  is 
say,  we  can  cause  the  current  to  travel  north  and  south,  and 
so  doing  deflect  a  magnetic  needle  from  its  zero  position. 
the  new  force  acting  on  each  end  of  the  needle  will  be  /«  x/  wh< 
fti  is  the  strength  of  the  magnet  pole ;  and,  the  length  of  the 
being  calculated  as  before,  the  moment  will  be  m  xf  multij^ 
by  that  arm.     Manifestly,  the  needle  will  come  to  rest  when 
moment  of  the  couple  due  to  the  current  is  equal  to  that  due 
the  earth. 

Let  the  needle  n  s  (fig.  52)  be  so  deflected  by  a  currcav 
and  make  an  angle,  nob,  called  the  angle  of  deflection,  with  die 
magnetic  meridian  a  b.  This  angle  n  o  b  is,  of  course,  equal  tf 
the  angle  n  s  d.  Let  this  angle  be  called  a®,  and  let  /  be  tta 
strength  of  the  field  due  to  the  current,  the  direction  of  the  actifll 
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f  which  is  indicated  by  the  arrows  d  h  and  f  g.  d  s  is  then 
le  perpendicular  distance  between  these  directions,  whence  the 
wment  of  the  couple  due  to  the  current  is  m  x/x  d  s. 

Pig.  sa. 


By  similar  reasoning  it  will  be  seen  that  the  moment  of  the 
piple  due  to  the  earth  is  w  x  h  x  n  d.  Now,  if  the  needle  has 
ftoned  a  state  of  rest,  showing  that  the  moments  of  these  two 
*ples  are  equal,  it  follows,  as  a  matter  of  course,  that 

m  x/x  D  s=.m  X  H  X  N  D, 
»d  (by  cancelling  and  dividing) 


/=H 


N  D 
D  s' 


The  ratio  ^^-^  is  called  the  tangent  of  the  angle  n  s  d,  which, 
D  s 

[toi,  is  equal  to  the  angle  of  deflection  a^ — that  is  to  say, 

/  =5  H  tan  fl!**. 

This  strength  of  field,/  is  proportional  to  the  current  producing 
;  therefore  the  current,  C|,  is  likewise  proportional  to  h  tan  a^. 

And  this  will  be  true  of  all  currents  and  all  deflections,  so  that 

we  let  a  second  current,  C2,  cause  the  needle  to  be  deflected 

tfough  the  angle  b^^  then  C2  must  be  proportional  to  jf  tan  ^®, 


1 
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Consequently, 
that  is, 
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Ci  :  Ca ::  H  tan  a^  ;  h  tan  ^**, 
Ci  :  Ca::     tan  fl°  :      tan  ^^ 
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or  the  two  currents  are  directly  proportional  to  the  tangents  of  tK 
angles  through  which  they  deflect  the  needle.  By  referrii^toi 
table  such  as  is  here  given,  we  can  find  the  numerical  value  oftki 

Table  op  Natural  Sines  and  Tangents. 


Deg. 

Sine 

Tangent 
•017 

Deg. 
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Tangent 
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1 
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62 
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3 
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33 
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63 

"^    St 

4 
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34 
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•674 

64 

-9S*  |r4 

5 
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35 

•573 
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65 

6 

•104 

•105 

36 

•588 
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66 
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7 
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37 
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•753 

67 

'930^  Jmi 

8 

•139 

•140 

38 

•615 

78  i 

68 

'9flSf  Imt 

^   w  ,  ■sir   I*, 

9 

•156 

•158 

39 

•629 

•810 

69 
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lO 

•173 

•176 

40 

•643 

•839 

70 

v».|¥s 

II 

•191 

•194 

41 

•656 

•869 

7* 

"^  I^ 

12 

•ao8 

'212 

42 

•669 

•900 

72 

WjOT 

13 

•225 

•231 

43 

•682 

•93-2 

73 

14 

'242 

•249 

44 

•694 

•965 

74 

•961' 

1  "  V  ^1 

15 

•259 

•268 

45 

707 

I'OOO 

75 

S», 

P^^l 

i6 

•275 

•287 

46 

•719 

103 

76 

■9?o 

'^I 

17 
i8 

•292 
•309 

•306 
•325 

47 
48 

731 
•743 

I -07 

I'ZI 

77 
78 

^': 

■  l^ft  ^^1 

19 

•325 

•344 

49 

•755 

1-15 

79 

-9*1,1 

I^Pfj 

20 

•342 

•364 

50 

•766 

I  19 

80 

•9»S. 

BS^ 

21 

•358 

•384 

51 

'777 

1*23 

8z 

•985f- 

fPs^I 

22 

•374 

•404 

52 

788 

1*28 

82 

•99».  »e 

n 

•391 

•424 

53 

798 

1*33 

83 

"9^     f?? 

24 

•407 

•445 

54 

•809 

1*37 

84 

V9i    '-W 

25 

'422 

•466 

55 

•819 

1*43 

85 

•996  IW 

26 

•438 

•488 

56 

'829 

z'48 

86 

•997    >l^ 

27 

•454 

•509 

57 

•838 

I '54 

87 

•99«      55» 

28 

•469 

•532 

58 

•848 

i-6o 

88 

•999      rf^ 

29 

•485 

•554 

59 
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1-66 

89 

1*000     iBcaH 

30 

•500 

•577 

60 

•866 
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1 

90 

1 
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tangents  of  these  or  other  angles,  and  so  can  easily  compaie 
strength  of  the  currents. 

An  instrument  which  will  enable  us  to  make  these  compaiisi^ 
is  called  a  tangent  galvanometer ;  but  in  order  to  obtain  acciis4 
results  one  important  point  must  be  carefully  attended  to  $ 
designing  the  instrument,  for  the  foregoing  proof  only  holds  goal 
when  the  two  forces  forming  a  pair  act  parallel  to  each  oth&  ^ 
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d  everj-  posi'tion  of  the  needle.     This  means,  in  short,  that 
drfue  to  the  earth,  and  that  due  to  the  current,  must  be 
1  throughout   the  entire  space  in  which  the  needle  can  be 
Fortunately,  we  can,  by  using  a  very  short  needle,  make 
*^^    space  proportionally  small,  and  thereby  render  the  problem 
^^^r,    The  earth's    field,  as  has  been  already  stated,  is  uniform, 
;  ikii  due  to  a    current  is  far  from  unifonn.  more  jia'^licularly 


immediate  vicinity  of  the  wire,  consequent  on  the  very 
d  curvature  of  the  lines  of  force.  However,  as  we  get 
■  a'way  from  the  wire,  these  lines  approximate  more  and 
straight  lines,  and  if  we  bend  the  wire  into  a  ring  of  lai^e 
Mer  we  shall  find  a  small  space  at  its  centre  where  the  lines 
;  are,  to  all  intents  and  purposes,  straight  and  parallel.  In 
t  S3  is  shown  a  horizontal  view  of  the  ring  and  of  the  distribu- 
l  of  the  lines  of  force  in  the  field.    The  two  ellipsses  repre- 
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sent  the  ring  itself,  of  which  c  c  are  the  horizontal  sections  sal 
A  A  the  axis.  The  magnetic  needle  is  indicated  by  mm.  If  «^ 
therefore,  suspend  the  small  needle  here,  the  necessary  conditioQfi 
for  a  tangent  gdyanometer  are  satisfied ;  the  needle  being  too 
short  to  permit  of  its  poles  being  moved  into  an  irregular  tf 
variable  part  of  the  field. 

With  a  ring  6  inches  in  diameter  we  can,  in  fact,  use  a  needk 
three-quarters  of  an  inch  in  length  without  the  risk  of  introdndof 
any  sensible  error. 

Such  a  ring  of  wire,  then,  with  a  needle  suspended  jit  fl 
centre,  will  serve  to  compare  and  measure  current  strength  aoco^ 
ing  to  the  law  which  we  have  just  stated,  i.e.  each  current  wiU  h 
proportional  to  the  tangent  of  the  angle  through  which  it  can  d^ 
fleet  the  needle.  When  made  in  a  practical  form,  the 
galvanometer  is  one  of  the  most  useful  pieces  of  apparatus  a: 
command. 

It  is  important  to  notice  here  that  a  variation  in  the 
of  the  magnetic  needle  will  introduce  no  error  in  the  reai 
for  if,  for  instance,  a  needle  loses  its  magnetisation  or 
weak,  it  is  acted  upon  more  feebly  both  by  the  earth  and 
current,  and  in  the  same  proportion,  so  that  the  weakened 
of  the  earth's  field  is  balanced  by  the  equally  weakened 
the  current's  field. 

Proceeding  now  to  a  consideration  of  the  laws  governing 
construction  of  the  instrument,  it  is  essential  to  remember 
the  force  with  which  a  current  deflects  the  needle  is  pro] 
to  the  length  of  the  wire,  and  inversely  proportional  to  the 
of  its  distance  from  the  needle.     But  if  we  increase  the  size  di\ 
coil,  we  not  only  increase  the  distance  from  the  wire  to  the 
but  also  increase  the  length  of  the  wire  in  exact  proportion  to 
increase  of  the  radius.     Now  the  former  reduces  and  the 
increases  the  effect ;  the  joint  result  is  that  the  force  with  wl 
the  needle  is  deflected  varies  inversely  as  the  radius  of  the  coil 
the  same  current. 

If,  therefore,  we  use  one  coil  of  3  inches  radius,  and 
of  6  inches  radius,  the  deflection  will  be  the  same  when  the 
in  the  larger  coil  is  double  that  in  the  smaller. 

With,  however,  a  single  turn  of  wire  6  inches  in  diameier, 
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Hiparativety  strong  currents  can  affect  the  needle,  and,  as  we 
we  seen,  we  are  prohibited  from  reducing  this  diameter  for  the 
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purpose  of  obtaining  a  sensible  deflection  with  comparatively 
currents.  But  this  difficulty  can  be  easily  overcome^  for  we 
increase  the  length  of  the  wire,  without  increasing  the  distanci 
from  the  needle,  ;'by  the  simple  device  of  coiling  it  round  the  needk 
a  number  of  times.  Since  the  effect  on  the  needle  varies  direcdf 
as  the  length  of  a  wire,  and  the  length  of  a  wire  of  two  turns  ii 
double  that  of  one  turn,  the  effect  on  the  needle  is  doubled  also; 
in  other  words,  the  effect  on  the  needle  varies  directly  as  tk 
number  of  turns  of  wire  in  the  coiL  It  follows  that,  with  eqoal 
currents,  a  6-inch  coil  of  one  turn  will  give  the  same  defiecdoo  fl 
a  1 2 -inch  coil  of  two  turns. 

It  must  be  remembered,  however,  that  if  the  number  of  cofr 
volutions  is  increased  to  any  great  extent  the  resistance  beoood 
considerable,  and  the  very  act  of  inserting  the  galvanometef  in  I 
circuit  may  decrease  the  current  we  desire  to  measure. 

Bearing  all  these  points  in  mind,  we  will  now  consider  a 
practical  instrument  for  the  measurement  of  current  si 
selecting  for  description  the  pattern  which  is  undoubtedly  the 
yet  constructed — viz.  the  Post-Office  tangent  galvanometer. 
general  view  of  the  instrument  is  shown  in  fig.  54. 

The  casing  is  of  brass.     The  mean  diameter  of  the  colj 

6^  inches  ;  the  width  of  the  channel  in  the  brass  ring  which 

tains  the  wire  is  ^^  inch,  and  its  depth  J  inch.    The  length  of  I 

needle,  which  is  carefully  pivoted  with  agate  on  an  iridium 

is  ^  inch» 

As  this  needle  is  too  short  to  indicate  its  own  deflections, 

carries  a  light  pointer  of  gilt  copper  wire,  about  5  inches  in  k 

fiastened  lo  it  at  right  angles.    This  pointer  moves  over  an 

graved  circular  scale  plate,  one  half  of  which  is  divided  in  d< 

the  other  half  into  divisions  corresponding  to  the  tangents  of 

degrees,  as- shown  in  fig.  55. 

It  may  be  of  service  to  some  if  we  refer  here  to  the  manner: 
which  this  tangent  scale  is  constructed. 

Let  the  quadrant  o  l  (fig.  56),  represent  a  portion  of  the  di 
along  which  the  scale  is  to  be  marked,  and  let  c  o  be  the 
along  which  the  index  needle  is  to  point  when  at  rest  and  wl 
no  current  is  circulating  through  the  coil  of  the  instrument.    Tbd 
draw  the  tangent  line,  o  d,  that  is  to  say,  a  line  at  right  angks 
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o  c,  meeting  it  in  o.  Then  mark  off  along  o  d  any  number  of 
equal  divisions,  and  project  lines  from  those  points  or  divisions  to 
c,  the  centre  of  the  circle,  intersecting  the  quadrant  at  various 
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places.  These  points  of  intersection  will  then  correspond  to  the 
equal  divisions  along  o  d,  and  will  be  proportional  to  the  tangents 
of  the  various  angles  which  would  be  measured  at  those  inter- 


sections. This  device  saves  the  operator  the  trouble  of  ascertain- 
ing from  a  table  the  *  tangent '  equivalents  to  the  various  deflections 
and  then  calculating  their  relative  values. 

A  piece  of  looking-glass  is  placed  under  the  scale-plate  and  is 
exposed  at  two  circular  slots  in  the  plate,  so  that  in  taking  a 
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^eadrng  t'he  dbselrver  may  let  the  pointer  dover  its  own  reflectioi^ 
when  he^ill  be  assiired  that  he  is  looking  Vertically  down  upn^ 
kvoiding  thereby  any  ertror  due  to  parallax — that  is  to  say,  Uf 
•irikccuracy  In  reading  caitsed  by  looking  at  the  pointer  sidevm 
A  lever,  operated  by  a  ^mall  switch  extending  through  the  ba 
which  carries  the  needle  ahd  scales,  is  provided  for  lifting  tk 
'tieedle  oif  its  piVot  when  hot  in  ifse.  There  is  also  a  smai 
adjustable  magnet  which  slides  on  a  birass  'r6d  ovdr  the  needle, 
arid  is  used  for  vairying  the  sensibility  of  the  ittstrtiment  Tte 
may  appear  to  be  k  step  backwards  from  the  beautifully  ^iiiqjte 
'thesis  upon  which  the  instrument  is  constrticted.  If  'there  ^«nSt 
Vio  gdod  teason  for  introducing  this  *  controlling  *  magnet  to  vary 
the  sensibility  of  the  instrument,  the  wisdom  of  its  introducdoi 
would  be  questionable.  But  it  must  be  remembered  that  thet 
are  several  hundreds  of  these  instruments  in  use  throughout  tbe 
country,  and  if  it  is  known  that  a  reading  of  twenty-live  divisias 
corresponds  in  every  case  to  a  current  of  i  milliampere,  tk| 
direct  value  of  any  other  reading  can  be  confidently  estimatei 
The  controlling  magnet,  when  placed  with  its  S.  pole  over  the  X 
pole  of  the  needle,  assists  the  directive  force  of  the  earth's  magn< 
and  reduces  the  sensibility,  and  vice  versd:  Either  efTect  may 
varied  by  sliding  the  magnet  up  or  down  the  rod.  For  i 
the  needle  will  move  from  zero  with  the  weakest  current  when 
magnet  is  placed  at  the  bottom  of  the  rod  with  its  poles  op 
the  earth's  magnetism. 

A  reference  to  fig.  57  will  make  the  conception  of  tk 
electrical  portion  of  the  instrument  easier.  There  are  three  ssf^ 
rate  coils  of  wire  in  the  brass  ring,  or  bobbin,  the  ends  of  eadi 
being  brought  down  through  the  hollow  pillar  and  connectd 
under  the  base  of  the  instrument  to  their  respective  termiifll 
screws,  as  shown  in  plan  on  the  figure.  Between  the  terminals  c 
and  D  is  a  coil  consisting  of  three  turns  of  thick  wire  ^  between  D 
and  E  are  twelve  turns  of  similar  w^ire,  wound  in  the  opposi* 
direction.  If  the  current  be  sent  from  c  to  e,  we  get  nine  tuna 
acting  on  the  needle,  for  three  of  the  twelve  turns  are  neutralised 
by  the  three  in  the  opposite  direction  between  c  and  d.  Tk 
resistance  of  these  coils  is  negligibly  low,  so  that  we  are  abk 
to  get  the  effect  from  three,  nine,  or  twelve  turns  without  vaiying 
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ie  strength  of  the  current  The  'other  coil  consi^  t)f  a  great 
iiany  turns  of  5ne  silk^oovered  ^ire.  Its  resistance  is  exactly 
^o  ohms.  One  end  df  it  is  joined  to  terminal  b,  and  the  other 
ad^o  the  middle  brass  block.     By  inserting  a  brass  plug  in  the 
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ft-hand  hole,  the  end  of  the  coil  attached  to  the  middle  block  is 
annected  to  terminal  a  direct.  If,  however,  this  plug  is  removed, 
le  current  in  travelling,  say,  from  b,  has  to  pass  through  an 
dditional  resistance  coil  of  750  ohms  (which  is  fixed  under  the 
ise  of  the  instrument)  before  it  reaches  terminal  a.  Under  these 
ircumstances  the  total  resistance  between  a  and  b  is  1,070  ohms. 
oppose  now  a  single  Daniell  cell,  whose  resistance  is  compara- 
»ely  low,  to  be  joined  to  terminals  a  and  b.     By  Ohm's  law  the 

iirrent  is  equal  to  — ^^J-l- —    or  -ooi  ampere — that  is,  i  milli- 

1,070  ohms 

mpere. 

These  resistances  are,  in  fact,  calculated  for  use  with  a  single 

)aniell  cell  as  a  standard.     We  can  always  immediately  produce 

,  deflection  which  we  know  to  be  that  due  to  i   milliampere 

i  current,  and  find  the  value  of  any  other  current  by  observing 

b  deflection  under  similar  conditions.     A  small  key  is  fixed  on 

he  base  of  the  instrument ;  when  depressed  it  connects  a  and  u 
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as  will  be  seen  from  fig.  57,  or,  in  the  usual  language,  it  short- 
circuits  the  coils.  It  is  used  for  checking  the  oscillations  of  the 
needle  and  bringing  it  quickly  to  rest. 

It  is  sometimes  required  to  measure  a  current  so  strong  thu 
the  deflection  is  inconveniently  high.  In  this  case  a  part  of  the 
current  may  be  *  shunted/  or  provided  with  an  alternative  path, 
or,  more  correctly  speaking,  a  by-path,  so  that  only  a  portion  of 
the  current  shall  go  through  the  galvanometer,  the  rest  goii^ 
through  the  shunt.  It  is  necessary,  however,  to  know  exactly 
what  fraction  of  the  total  current  is  passing  through  the  instru- 
ment and  what  through  the  shunt.  If  we  join  the  ends  of  the  coO 
by  a  shunt  equal  to  it  in  resistance,  then  the  current  will  divide 
equally  between  the  two  paths,  and  only  half  of  the  total  coireoK 
will  be  measured.  If  the  resistance  of  the  shunt  be  ^  that  of 
the  galvanometer,  then  y®^  of  the  current  will  pass  through  the 
shunt  and  the  other  tenth  through  the  galvanometer.  In  this 
case,  therefore,  the  total  current  will  be  ten  times  that  measured 
by  the  deflection  of  the  needle. 

The  instrument  we  are  now  describing  is  provided  with  suchi 
shunt ;  its  resistance  is  -|^  ohms,  and  fig.  57  clearly  shows  how  it 
may  be  brought  into  play  by  inserting  a  plug  in  the  right-hasd 
hole,  thus  connecting  together  the  middle  and  right-hand  blockk 
Suppose,  when  the  adjustment  is  such  that  i  milliampere  giwi 
twenty-seven  tangent  divisions,  that  we  insert  this  tenth  shoii^ 
and  then  with  a  current  of  unknown  strength  obtain  eighty-oot 
divisions.  The  current  flowing  round  the  galvanometer  is  mani- 
festly 3  milliamperes,  but  this  is  only  i^^  of  the  whole,  consequentif ; 
the  total  current  is  30  milliamperes. 

In  order  to  reduce  the  current  flowing  through  a  galvanomelff 

to  any  fraction  of  its  full  value,  say,  to    ,  the  resistance  of  the  shunt 

n 

necessary  to  produce  that  result  must  be   that  of  the  gal- 

w  —  I 

vanometer.     A  moment's  reflection,  however,  will  make  it  evident 

that  the  introduction  of  a  shunt  reduces  the  resistance  of  the  circliiti 

and  may,  therefore,  cause  a  considerable  and  material  increase  ia 

the  current  strength.     Where  this  increase  of  strength  is  appr^ 

ciable,  the  introduction  of  extra  resistance  sufi^cient  to  compensate 
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for  the  fall  caused  by  the  shunting  becomes  necessary,  the  problem 
being  to  ascertain  exactly  how  much  compensating  resistance  is 
required.  By  the  laws  of  the  joint  resistance  of  two  parallel  wires, 
explained  in  Chapter  II ,  the  joint  resistance  of  the  galvanometer, 

G  S 

G,  and  the  shunt,  s,  will  be  equal  to .     Now,  the  resistance 

G  "7"  S 

of  s  has  just  been  shown  to  be part  of  g,  or  —       ,  that  is, 

if  only  a  tenth  of  the  current  is  to  pass  through  the  galvanometer, 

the  shunt  resistance  should  be  * part  of  the  galvanometer 

10  —  I 


I  G,     inat  IS  10  say,  s  =  — 

n 

we  get— 


leststance  g.     That  is  to  say,  s  =  —      ,  and  inserting  this  value 
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So  that  the  joint  resistance  of  a  galvanometer  coil  of  320  ohms 

ind  its  tenth  shunt  will  be     =  ''^°  =  32,  whence  it  follows  that 

n        10 

ttie  reduction  in  resistance  due  to  the  use  of  the  shunt  amounts 

to  G  —  -   or  320  —  32  =  288.     288  ohms  is,  therefore,   in  this 
n 

case  the  resistance  that  it  would  become  necessary  to  introduce  in 

order  to  restore  the  resistance  ot  the  circuit  to  the  same  value 

that  it  had  prior  to  the  introduction  of  the  shunt.   And,  generally, 

it  may  be  said  that  the  introduction  of  a  shunt  reduces  the  resist- 

ance  of  the  circuit  to  the  extent  of g,  and  that  amount  of 

n 

resistance  will  need  to  be  inserted  to  re-establish  the  conditions 

of  the  circuit     In  short,  this  compensating  resistance  is  equal  to 

the  difference  between  the  resistance  of  the  galvanometer  alone 

and  of  the  galvanometer  shunted. 

When  great  accuracy  is  desired,  all  the  readings  on  the  tangent 

galvanometer  should  be  taken  with  the  needle  deflected  as  nearly 
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as  possible  through  an  angle  of  45°.  The  reason  for  this  is,  iha 
any  given  variation  in  the  strength  of  the  current  will  prodncet: 
greater  effect  on  the  needle  when  it  is  in  that  position  than  whea 
in  any  other,  or,  in  other  words,  the  sensitiveness  of  the  instre- 
raent  is  then  at  its  maximum.  For  instance,  if,  when  the  needk 
were  deflected  through  45°,  an  increase  of  the  current  by  one- 
twentieth  gave  an  increase  of  half  a  degree  in  the  deflection,  1 
similar  increase  in  the  current  when  the  needle  stood  at  10®  or  So* 
would  not  be  indicated  at  all,  or  rather,  the  deviation  would  Mt 
be  discernible. 

Every  galvanometer  has  a  definite  angle  of  maximum  sensitht- 
ness,  or  such  an  angle  of  deflection  that  with  a  small  accretion  of 
current  there  will  be  a  larger  divergence  than  when  the  needle  ii 
at  any  other  point  on  the  scale.  The  mathematical  demonstratifli 
of  the  existence  of  this  angle  would  be  somewhat  beside  the  scope 
of  this  work,  but  we  may  repeat  that  for  every  tangent  galvanomew 
the  angle  of  maximum  sensitiveness  is  45°.  We  should  alwap 
endeavour,  therefore,  when  using  this  instrument  to  get  the  de- 
flection as  near  45°  as  possible,  or  when  comparing  two  currecH 
get  the  deflections  at  equal  distances  on  either  side  of  this  poiat 
It  has  already  been  pointed  out  that  it  is  very  convenient, 
would  say  more,  it  is  necessary,  in  practice  to  be  able  to  detotnii^ 
immediately  the  value  in  amperes  or  milliamperes,  to  which  soiae 
particular  deflection  of  the  needle  corresponds,  and  it  will  be 
remembered  that  with  a  Daniell  cell  as  a  standard  a  current  rf 
I  milliampere  may  be  immediately  produced. 

The  Latimer-Clark  cell  is  less  liable  to  variation  and  is  mudi 
more  trustworthy  than  the  Daniell  when  used  with  a  very  Wg^ 
external  resistance.  Although,  in  order  to  obtain  the  most  accu- 
rate results,  this  cell  should  only  be  employed  in  those  tests 
where  it  is  not  allowed  to  send  any  current  at  all,  its  portability 
and  the  fact  that  it  is  always  ready  and  in  good  order  are  sudi 
important  advantages  that  it  is  frequently  used  in  such  a  test  a> 
the  preceding,  under  conditions  which,  perhaps,  render  it  no 
more  accurate  than  the  Daniell.  Its  resistance,  which  is  as  a  rule 
considerable,  should  be  known,  and,  by  using  an  extra  coil,  the 
resistance  in  circuit  can  then  be  made  1,435  ohms.  The  electro- 
motive force  of  one  of  these  cells  being  1*435  ^'^It,  it  follow* 
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bat  through  the  resistance  of  1,435  ohms  it  will  yield  a  current 
i  exactly  i  milliampere,  or, 

1*4'?'? 

— ZJL2  =  -001  ampere. 
1,435 

Tbe  foregoing  applies  to  a  galvanometer  with  a  tangent  scale 
constracted  so  that  its  zero  point  is  in  the  centre,  as  is  the  case 
with  the  inner  scale  on  the  tangent  divisions  side  in  fig.  55.  But 
it  will  be  seen  that  in  this  figure  there  is  an  outer  scale  also  of 
tangent  divisions,  but  with  the  zero  point  at  the  extreme  left-hand, 
where  the  pointer  is  shown  resting.  This  outer  scale  is  known  as 
the  *skew  scale,'  from  the  position  of  the  needle  when  at  zero, 
and  its  great  advantage  lies  in  the  fact  that  the  range  of  measure- 
ment is  double  that  of  the  ordinary  scale.  For  a  comparatively 
Ugh  reading,  also,  the  deflection  can  be  read  with  greater  ease  as 
the  pointer  is  not  in  the  part  of  the  scale  where  the  divisions  are 
dose  together.  It  is  true  that  a  small  deflection  cannot  easily  be 
«a(l,  but  the  ordinary  scale  can  be  employed  for  this  if  necessary. 

Unfortunately,  the  tangent  galvanometer  is  but  little  suited  for 
the  measurement  of  very  powerful  currents  such  as  those  gene- 
ally  employed  in  electric  lighting.  We  must,  therefore,  now  direct 
ittention  to  an  instrument  which  will  answer  this  purpose,  and 
one  which  is  beautifully  simple  in  its  conception,  and  at  the  same 
time  renaarkably  accurate  and  free  from  error.  It  is  based  upon 
the  simple  experiment  mentioned  at  the  commencement  of  this 
chapter,  viz.,  the  attraction  or  repulsion  which  takes  place  between 
two  wires  carrying  currents.  It  may  now  be  stated  that  the  force 
erf  this  attraction  or  repulsion  is  readily  measurable,  being,  in  fact, 
proportional  to  the  strength  of  one  current  multiplied  by  the 
ttrength  of  the  other,  provided  that  the  distance  between  the  two 
wires  remains  constant.  If  we  suppose  the  currents  in  each  of  the 
wires  to  be  exactly  equal,  say  2  amperes,  then  the  force  may  be 
represented  by  the  number  2x2  =  4.  Now  if  we  double  the 
current  strength  in  each  wire,  the  force  of  attraction  or  repul- 
sion will  be4X4=i6;  in  other  words,  when  the  current 
strength  in  each  is  doubled,  the  force  between  them  is  quadrupled. 
Similarly,  if  we  treble  the  current  in  each  wire,  or  make  it 
t  amperes,  then  the  mutual  force  will  be  6  x  6  =  36,  or  nine 
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times  as  great  as  when  the  current  was  2  amperes.  We  theI^^ 
fore  see  that  the  force  of  attraction  or  repulsion  between  two  wiw 
carr}ang  equal  currents  varies  as  the  square  of  the  current  strengiL 
It  will  be  apparent  that  the  simplest  method  of  obtaining  equal 
currents  in  each  wire  is  to  join  them  in  series,  and  send  the  same 
current  through  both  of  them  in  succession.  Then,  if  any  number 
of  currents  be  sent  through  them,  the  force  of  the  action  b^ 
tween  the  wires  will  be  proportional  to  the  square  of  the  stroigth  d 
the  current  in  each  case,  whence  it  may  be  reasoned  that  if  these 
forces  can  be  measured  or  compared,  the  currents  producing  thco 
can  also  be  estimated  ;  for  as  the  force  varies  as  the  square  of  the 
current,  the  current  will  vary  as  the  square  root  of  the  force 
exerted  by  it. 

In  constructing  an  instrument  on  this  principle,  it  is  necessaiy. 
therefore,  to  have  some  means  of  accurately  measuring  the  forte 
exerted,  and  also  to  ensure  that  the  distance  between  the  irirs 
remains  exactly  the  same  during  all  the  comparisons. 

The  Siemens  dynamometer  fulfils  all  these  conditions  to  tiie 
letter.  A  general  view  of  this  instrument  is  given  in  fig.  58, 
fig.  59  showing  the  manner  in  which  the  principle  is  applied 
The  two  wires  (or  coils)  are  rectangular  in  shape.  One  of  thea, 
A  B  c  D,  is  rigidly  fixed  to  a  vertical  support,  while  the  otba; 
E  F  G  H,  which  is  sufficiently  large  to  embrace  the  fixed  wne, 
when  the  plane  of  the  one  is  at  right  angles  to  that  of  the  other, 
is  suspended  by  a  stout  silk  thread. 

In  the  actual  instrument  this  movable  coil  consists  of  a  sin^ 
turn  of  thick  wire .;  and  in  order  that  the  current  may  be  passed 
through  it,  without  in  any  way  impeding  or  interfering  with  its 
freedom  of  motion,  its  two  ends,  g  and  h,  are  brought  round 
bent  down  into  mercury  cups  placed  vertically  one  over  the 
so  that  the  two  ends  and  the  point  of  suspension,  k,  are  in 
same  vertical  line. 

Connection  with  the  mercury  is  made  by  a  wire  passing  -in 
the  bottom  of  the  cup.    The  arrows  in  fig.  59  show  the 
of  the  current  in  the  various  parts  of  the  circuit,  when  a  current 
sent  through  both  coils  in  series,  and  it  is  easy  to  see  that  ea 
vertical  limb  of  the  movable  coil  will  be  urged,  by  repulsion  od 

one  sid^  and  attraction  on  the  other,  to  set  it3elf  in  the  sami 
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Fig.  59. 


plane  as  the  fixed  coil.  But  it  has  already  been  said  thai  k 
essential  that  the  coils  should  remain  or  be  brought  back  into 
same  relative  positions  when  the  force  between  them  is  mi 
In  the  Siemens  dynamometer  the  position  selected  is  wiA 
planes  of  the  two  coils  at  right  angles  ;  and  the  force  measuiedii 
that  force  which  is  necessary  to  keep  the  movable  coil  in  M 
position  against  the  action  of  the  current. 

This  antagonistic  force  is  applied  by  means  of  a  spiral  sprin^^ 
the  lower  end  of  which  is  rigidly  fixed  to  the  rectangle  e  fgej 
while  its  upper  end  is  fixed  to  a  mill-headed  screw,  which  can  bl 

turned  round,  tQrsion  " 
thereby  applied  to  the 
spring.  A  pointer  is 
tached  to  the  scrcw' 
and  moves  with  it, 
travelling  over  a  gradi 
scale,  divided  usually  n 
400  equal  divisions  ins 
of  360  degrees,  indicates! 
amount  of  torsion  apf 
to  the  spiral  spring  in 
ing  the  coil  e  f  c  h  backl 
the  zero  position,  against  1 
opposing  force  due  tf^ 
current  circulating  in 
coils.  It  is  a  simple 
well-known  law  that  tljc  fo 
of  torsion  is  proportional 
the  angle  of  torsion,  and 
the  angle  through  which 
screw  is  turned  in  order  l 
keep  the  movable  rectangle  at  zero  is  an  exact  measure  of  the  tors* 
applied,  the  force  necessary  to  the  production  of  that  angle  m>* 
be  j)roportional  to  the  force  acting  between  the  two  coils,  and  duetl 
the  current  circulating  in  them.  This  latter  force  varies,  as  we  hi* 
seen,  as  the  square  of  the  current  strength,  so  that,  therefore,  tbft 
current  is  proportional  to  the  square  root  of  the  angle  of  torsioo. 
The  movable  coil  also  carries  a  pointer,  the  end  of  which  just  o\xt- 
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laps  the  scal6-card  and  plays  between  two  pins  about  half  an  inch 
apart  When  it  points  to  zero,  the  two  coils  are  accurately  at 
right  angles  one  to  the  other. 

The  instrument  has  usually  two  separate  and  distinct  fixed 
•coils  ;  one  consisting  of  a  few  turns  of  thick  wire,  and  the  other 
■of  a  larger  number  of  turns  of  thinner  wire.  The  object  of  this 
arrangement  is  to  facilitate  the  measuring  of  currents  differing  very 
considerably  in  strength,  and  so  to  increase  the  available  range  of 
the  instrument.  One  end  of  the  thin-wire  coil  is  joined  to  the 
left-hand  terminal  screw  (fig.  58),  and  one  end  of  the  thick-wire 
coil  to  the  right-hand  screw.  The  other  two  ends  are  connected 
to  the  upper  mercury  cup,  while  the  lower  cup  is  joined  to  the 
middle  terminal  screw. 

Por  a  very  strong  current,  then,  the  centre  and  right-hand  termi- 
nals,giving  the  thick-wire  and  movable  coils,  should  be  used  ;  while 
for  a  weaker  one,  the  centre  and  left-hand  terminals,  between 
>^hich  are  the  thin-wire  and  movable  coils,  should  be  employed. 

0^  account  of  the  operation  of  the  law  of  the  square,  a  more 
accurate  reading  can  be  obtained  in  the  higher  part  of  the  scale 
than  in  the  low^er,  and  it  is  therefore,  where  possible,  more  advan- 
tageous to  use  the  thin-wire  coil  for  such  currents  as  would  give 
only  a  low  reading  with  the  thick-wire  coil. 

Three  levelling  screws  and  a  level  are  provided,  it  being  abso- 
lutely essential  that  the  coils  should  be  exactly  perpendicular.  The 
,  tnovable  rectangle  can  be  raised  or  lowered  by  means  of  the  thread 
M^hich  is  attached  to  a  screw  at  the  top  of  the  instrument,  until  it 
moves  quite  freely  and  makes  good  contact  with  the  mercury.  It 
is  difficult  to  replace  this  silk  thread  quickly,  and  this  constitutes 
a  weak  point  in  the  instrument,  for  an  inexperienced  operator  fre- 
quently commences  his  experiment  by  breaking  it. 

The  instrument  requires  calibration,  that  is  to  say,  it  is  neces- 
sary to  find  out  to  what  current  strength  a  certain  amount  of  torsion 
is  equivalent,  before  any  unknown  current  can  be  measured  in 
amperes.  This  calibration  may  be  effected  by  deflecting  the 
Rectangle  by  a  current  of  known  strength,  and  then  by  turning  the 
^^lled-head  attached  to  the  upper  end  of  the  spiral  spring,  apply- 
ing just  sufficient  torsion  to  restore  the  pointer  attached  to  the 
Itciangle  to  the  zero  position.     Suppose  the  current  to  be  one 
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ampere  and  the  torsion  applied  i6  divisions.     Then  if  a 
of  unknown  strength  be  sent  through  the  same  coil,  and  it 
necessary  to  apply  64  divisions  of  torsion  to  bring  the 
back  to  zero,  the  latter  current  will  be  2  amperes  strength ;  for 

Ci  :  Ca  ::  >/i6  :  >/64, 

that  is  as  4  is  to  8,  or  as  i  is  to  2. 

In  practice  such  calculations  would  be  exceedingly  inccxm 
nient ;  the  makers,  therefore,  caUbrate  the  instrument,  or 
mine  what  strength  of  current  corresponds  to  the  various 
of  torsion,  both  for  the  thin-  and  thick-wire  coils.  These 
are  tabulated  in  a  convenient  form  and  supplied  with  the 
ment. 

On  referring  to  fv%.  59  it  will  be  observed  that,  if  the 
reversed,  the  rectangle  will  still  be  deflected  in  the  same 
because,  the  direction  of  the  current  in  all  the  sections 
altered,  attraction  or  repulsion  will  take  place  between  tbe 
limbs  as  before. 

The   instrument  can   therefore  be  used  to  compare 
positive  or  negative  direct  currents,  or  even  alternating 
— ie,  those  whose  direction  is  rapidly  reversed.      The 
attached  to  the  screw-head  should  always  stand  at  zero  wb 
instrument  is  not  in  use,  otherwise  the  spiral  spring  will  take 
set  and  will  not  bring  the  rectangle  to  zero  when  the  poi 
brought  there.     The  spring  will,  however,  gradually  recover 
any  such  set  if  it  be  not  excessive. 

The  Siemens  dynamometer  is  a  very  accurate  instrument 
used  with  ordinary  care,  but  every  measurement  occupies  a 
amount  of  time,  for  in  every  case  the  rectangle  has  to  be 
back  exactly  to  zero,  the  amount  of  torsion  noted,  and  then 
table  referred  to,  to  ascertain  the  current  strength  to  which 
torsion  corresponds.     It  is  e\ident  that  an  instrument 
immediately  indicates  in  amperes  the  strength   of  the 
flowing  is  far  more  convenient  to  use,  although,  unfortu 
a  direct-reading  instrument  has  not  yet  been  designed  which 
be  relied  upon  for  any  length  of  time  to  be  as  accurate  as 
Siemens  dynamometer. 

For  portability  and  the  rapidity  with  which  measurements 
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betaten,  Aynow  and  Perry's  ammeter  (or  ampere- meter)  stands 
■  (he  front  rank- 
It  is  based  upon  the  fact,  that  a  piece  of  soft  iron  placed  in 
\  magnetic  field  which  is  not  uniform,  wilt  be  urged  from  a  com- 
paratively weak  into  the  strongest  part  of  the  field.  One  way  of 
riening  the  action  is  to  consider  the  iron,  M  (fig.  60),  as  a  magnet 
for  the  time  being,  and 
then  if  the  field  be  gene- 
rated by  a  current  circulat- 
ing round  a  helix  of  wire, 
H  H,  and  the  iron  is  placed 
JQSt  outside  the  helix,  it 
will  be  sucked  down  until 
it  teaches  the  middle  of 
the  f-elix,  which  is  the 
strongest  part  of  the  field. 
Now,  this  action  will  be 
proportional  to  the  pro- 
duct of  the  strength  of  the 
field  and  the  strength  of 
the  temporary  magnet ;  as 
the  latter  varies  with  the 
strength  of  the  field,  but 
not  according  to  any  regu- 
lar law,  the  readings  will 
"lot  be  proportional  to  the 
current  strength  unless  by  some  means  the  strength  of  this  temporary 
tiagtiet  is  kept  constant.  Experiment  shows  that  although  the 
tiagnetic  lines  of  force  pass  readily  through  a  piece  of  iron  when 
there  are  very  few  lines  already  there,  yet,  when  a  great  many  are 
ptoent,  any  further  addition  to  their  number  becomes  very 
difficult.  When  in  this  latter  condition  the.  iron  is  said  to  be 
yturaied.'  A  piece  of  very  thin  soft  iron  tubing  becomes 
atutated  even  in  a  weak  field,  that  is,  in  a  field  traversed  by  but 
'w  lines  of  force  ;  so  that  beyond  a  certain  stage,  although  the 
"fEtigth  of  the  field  is  increased,  the  number  of  lines  of  force 
Passing  through  the  iron  tubing,  that  is,  its  strength  considered  as 
*  magnet,  remains  practically  the  same.     Therefore,  if  we  use  a 
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very  thin  tube  of  soft  iron,  the  force  with  which  it  is  sucked  into 
the  helix  wil!,  for  all  fields  above  a  certain  strength,  depend  simply 
upon  the  strength  of  the  field  and  will  be  proportional  thereto, 
and  consequently,  also  proportional  to  the  strength  of  the  curreci 
producing  the  field. 

Except  for  weak  currents,  then,  we  may  estimate  the  strength 
of  a  current  by  measuring  the  pull  on  such  a  thin  tube  of  iron 
placed  partly  inside  a  helix.  It  must  not  be  placed  exactly  in  the 
middle  of  the  coil,  as  that,  being  the  strongest  part  of  the  field,  is 
the  position  of  rest  for  the  iron. 

In  the  instrument  under  consideration  the  method  of  measur- 

't>g  the  pull  is  unique.      It  depends  upon  a  peculiar  propertj- 

Pi^  .       possessed  by  ^flat  spiral  spring  shaped  like 

fa  curled-up  shaving,  as  illustrated  in  fig.  6i. 
If  such  a  spring  be  stretched  while  one  end 
of  it  is  fixed,  the  other  end  will  rotate,  and 
the  angle  of  rotation  will  be  exactly  propor- 
tional to  the  amount  of  stretching,  the  angle 
being  considerable  for  a  small  extension  of 
the  spring.  A  reference  to  fig.  62  will  show 
how  these  principles  are  combined  in  the 
actual  instrument. 
The  helix  fills  the  space  marked  »*', 
and  is  composed  of  stout  wire  offering  little 
resistance,  so  tliat  its  introduction  into  a 
circuit  does  not  diminish  the  current  flowing 
therein,  t  is  the  thin  tube  of  soft  iron  which 
is  sucked  down  more  or  less  by  the  current, 
its  lateral  movement  being  prevented  by  two 
small  brass  pins,  P  and  /.  The  former  is 
fi^'^'l  to  a  small  piece  of  brass,  c,  which  is 
fastened  to  the  botioim  of  the  soft  iron  tube.  The  spiral  spring 
IS  placed  inside  this  fl'e,  its  lower  end  being  rigidly  fixed  to 
C  and  Its  upi>er  end  to  the  brass  jjin  p.  As  p  is  also  rigidly 
connected  to  the  screw-head,  h,  the  upper  end  of  the  spring 
cannot  rotate,  therefore  when  the  tube  T  is  sucked  down  the 
lower  end  of  the  spring  rotates,  carrying  with  it  the  tube.  The 
Uppi^r  end  of  the  tube  which  projects  out   of  the  coil  carries  a 


Ayrton  and  Perry  Ammeter 


ii; 


liter  which  moves  over  a  graduated  scale,  and  so  indicates  the 
;le  of  rotation,  the  usual  horizontal  mirror  being  provided  to 
lid  parallax.  The  scale  is  divided  into  equal  divisions  repre- 
iting  amperes  and  fractions  of  an  ampere,  but  as  the  iron  does 
;  become  saturated  until  the  current  has  attained  a  certain 
Wgtli,  the  first  portion  of  the  scale  is  never  used,  and  is,  in  fact, 
:  graduated,  for,  as  has  been  explained,  the  indications  at  this 


'f  are  not  proportional  to  the  current  strength.  It  is  clear  that 
Je  iron  tub?  moved  through  any  considerable  distance  so  as  to 
into  a  part  of  the  field  of  different  strength,  the  readings  would  . 
be  proportional ;  but  it  will  be  remembered  that  the  peculiarity^ 
ihe  spring  is  that  the  ^ngle  of  rotation  is  great  for  a  very,  small 
^sion  in  length,  consequently  the  pointer  traverses  the  whole,. 
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range  without  the  distance  through  which  the  iron  moves  bcir^ 
sufficient  to  cause  inaccuracy.  The  instrument  is  calibrated  b» 
the  maker,  similar  scale-cards  having  equal  divisions  being  used 
for  all  instruments  of  the  same  range,  and  the  adjustment  effected 
by  shifting  a  small  auxiliaiy  coil.  When  a  current  is  sent  through 
the  instrument  the  pointer  indicates  at  once  the  number  of  amperes 
of  current  flowing,  thus  avoiding  calculation  or  reference  to  a  table 
Occasionally,  however,  comparison  should  be  made  with  some 
reliable  standard,  such  as  a  Siemens  dynamometer,  for  the  in- 
strument is  liable  to  variation  after  continued  use. 

The  pointer  moves  in  the  same  direction,  no  matter  in  what 
direction  the  current  is  sent  through  the  coils,  because  the  mag- 
netism of  the  iron  tube  is  also  reversed.    There  is  a  possibili^ 


here  of  an  error  being  caused  by  the  retentivity  of  the  iron,  but 
as  it  is  so  thin  and  soft  its  magnetism  is  readily  completely 
reversed,  and  no  error  is  introduced  from  this  cause.  In  order  to 
indicate  the  direction  of  the  current  a  small  magnetic  needle  is 
usually  fitted  in  the  hase-board,  and  its  blue-coloured  end  points 
towards  the  terminal  screw  at  which  the  current  enters.  The 
pointer  can  be  adjusted  to  zero  by  turning  the  milled  head  m. 
The  coils  and  tube  are  surrounded  by  an  iron  casing,  which,  as 
will  be  explained  hereafter,  prevents  any  externa!  currents  or 
magnets  affecting  the  tube  and  so  causing  inaccuracy  in  the 
readings. 

Sir  William  Thomson  has  designed  several  fornjs  of  curreni- 
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measuring  instruments,  one  of  the  best  being  that  illustrated  in 
fig.  S^  and  known  as  the  graded  ammeter.  It  may  be  regarded 
as  a  form  of  tangent  galvanometer,  the  coil-ring,  w,  consisting  of 
one  or  more  turns  of  stout  copper  wire  or  ribbon.  The  magnetic 
needle  is  very  small  and  delicately  balanced,  and  carries  a  long  light 
pointer  which  travels  over  a  scale  in  the  bottom  of  the  sector- 
shaped  case  or  box.  A  controlling  magnet,  m,  semicircular  in 
shape,  is  fixed  to  this  box,  which  slides  in  a  v-groove  in  the  base  of 
the  instrument  This  magnet  is  somewhat  powerful,  sufficiently 
so,  in  fact,  to  overpower  the  effects  of  terrestrial  magnetism, 
whence,  the  magnet  moving  with  the  needle,  a  practically  constant 
field  is  maintained  in  any  and  every  position  in  which  the  instru- 
ment may  be  placed. 

When  in  the  zero  position  the  needle,  coil,  and  magnet  are  in 
the  same  vertical  plane.  A  scale  is  let  into  the  base,  along  the 
edge  of  the  groove,  to  facilitate  the  necessary  calculations.  The 
object  aimed  at  in  this  method  of  construction  is  to  provide  an 
instrument  capable  of  measuring  current  strengths  of  considerable 
<]ifierence,  for  it  is  evident  that  as  the  needle  is  withdrawn  from 
Ae  plane  of  the  coil  the  effect  of  a  given  current  upon  it 
lishes  rapidly.    The  relative  effect  of  a  current  upon  the 

lie  at  different  distances  from  the  coil  is  proportional  to  the 

cube  of  the  radius  of  the  coil  divided  by  the  cube  of  the  distance 

r^ 
between  the  needle  and  the  wire  itself,  that  is,  as  — ,  where  r  is 

the  mean  radius  and  b  the  mean  distance  between  the  wire  of  the 

coil  and  the  needle.     This  distance,  A  is  the  hypotenuse  of  a 

right-angled  triangle,  whose  base,  at,,  is  the  axial  distance  between 

the  needle  and  the  plane  of  the  coil,  the  perpendicular  being  the 

mean  radius,  r.    These  latter  distances  are  more  easily  measured 

r^  r^ 

than  dy  and  we  may  write  the  expression    ^  as 


Apparatus  of  this  class  cannot  be  used  in  the  neighbourhood 
of  dynamos  or  other  large  masses  of  moving  iron,  although  it  is 
often  used  in  the  laboratory.  One  great  objection  to  it  is  the 
tedious  calculation  which  has  to  be  made  for  every  reading.  The 
controlling  magnet  is  another  source  of  trouble  in  consequence  of 
it$  liability  tp  vary.    In  order  that  the  wires  conveying  the  current 
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shall  not  afTect  the  reading,  the  main  leads  are  connected  to  vm, 
long  pieces  of  wire  which  are  twisted  together  for  a  considenU 
distance  as  shown  in  the  figure,  so  thai  each  neutralises  Al 
tendency  of  the  other,  j 

We  come  now  to  the  consideration  of  a  class  of  anuMioij 
simple  in  construction  and  action,  independent  to  a  great  txedt 
of  the  proximity  of  extraneous  electro -magnetic  fields,  and,  bdng 
direct- reading  instruments,  they  are  exceedingly  useful  as  dynamo-' 
room  indicators,  telling  the  attendant  at  a  glance  whether  <w  no^ 
his  current  is  being  maintained  at  its  proper  value,  A  numbtirf 
these  instruments  depend  upon  the  power  of  a  coil  alone,  to  rao^ 


^qS^F 


a  more  or  less  weighty  piece  of  iron  against  the  force  of  gravitjt- 
while  others  have  a  solenoid  and  core  to  perform  a  similar  opoJ-j 
tion.  They  all  require  to  be  calibrated,  but,  under  the  ciro* 
stances,  that  is  not  objectionable  providing  the  calibratioa  * 
correctly  performed.  | 

The  first  instrument  of  this  class  to  which  we  will  rcfai'i 
that  constructed  by  Schuckert,  A  general  view  of  this  ammHer. 
is  shown  in  fig.  64,  and  a  view  of  the  moving  portion  of  it  ■ 
fig.  65.     It  will  be  seen  that  the  instrument  is  made  to  be  fiM 
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against  a  wall  with  its  base  in  a  vertical  position,  the  working 
parts  being  protected  by  a  circular  metal  case  with  a  glass  front. 
From  the  two  terminal  clamps  below,  the  instrument  case,  stout 
metal  bands  are  led  to  the  solenoid,  which  is  placed  with  its  axis 
horizontal,  and  consists  of  single  copper  casting,  with  helical  saw- 
cuts,  so  as  to  lead  the  current  a  few  times  round  the  *  needle/ 
With  such  a  solenoid,  which  is  designed  for  very  heavy  currents, 
no  insulating  material  is  employed  other  than  the  air  ;  but  in  the 
case  of  instruments  constructed  for  the  measurement  of  weaker 
currents,  the  solenoid  is  made  of  a  number  of  turns  of  ordinary 
stout  insulated  wire.  A  light  steel  arbor  or  spindle  is  pivoted  so 
-as  to  lie  parallel  to,  and  a  little  to  the  left  of,  the  axis  of  the  coil. 
It  has  attached  to  it  a  thin  curved  plate  of  soft  iron  shaped  as 
shown  in  fig.  65.  This  piece  of  iron  is  nearly  equal  in  length  to  the 
arbor,  and  extends  through  the  length  of  the  solenoid.  A  light 
aluminium  pointer  is  also  fixed  to  the  arbor  at  right  angles,  and 
the  movable  parts  are  so  weighted  that,  in  the  absence  of  a  current, 
the  pointer  is  held  in  the  zero  position  by  the  force  of  gravity. 

When  a  piece  of  iron  is  placed  in  a  solenoid,  but  out  of  centre, 
the  effect  of  a  current  is  to  bring  the  iron  towards  the  centre* 
Therefore  a  current  passing  through  the  coil  of  the  Schuckert 
instrument,  in  endeavouring  to  rotate  the  curved  piece  into  the 
centre,  raises  it  against  the  force  of  gravity,  through  a  distance 
depending  upon  the  strength  of  the  current.  The  index  attached 
to  the  arbor  travels,  therefore,  over  the  scale  which  is  placed 
behind  it,  and  thus  indicates  the  strength  of  the  current  pass- 
ing through  the  instrument.  As  may  be  imagined,  the  divisions 
of  the  scale  are  unequal,  but  the  scales  of  all  instruments  of  the 
same  range  are  exactly  alike,  the  centre  of  gravity  of  the  moving 
parts  in  each  case  being  adjusted  to  suit  the  scale.  I'he  adjust- 
ment is  made  by  bending  a  small  piece  of  copper  wire  (see  fig.  65) 
fixed  at  one  end  to  the  upper  side  of  the  arbor,  but  this  opera- 
tion is  a  matter  of  some  difficulty  when  it  is  desired  to  reproduce 
a  previous  calibration.  It  is  an  interesting  fact  that  the  gross 
weight  of  the  moving  part  is  but  3V  ^^  ^"  ounce.  The  amount  of 
friction  is  therefore  very  slight,  and,  there  being  very  little  in  the 
instrument  which  is  liable  to  vary  with  ordinary  workshop  usage,  it 
is  a  useful  and  praQtical  piece  of  apparatus.. 
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The  instrument  known  as  the  'Gravity'  ammeter  is  d>e 
invention  of  Mr,  S-  F.  Evershed ;  it  is  manufactured  by  Messrs. 
W.  T.  Goolden  &  Co.,  and  is  for  practical  work  an  excellent  and 
reliable  measuring  instrument. 

In  this  case  also  the  magnetising  coil  is  placed  with  its  axis 
horizontal,  and  in  the  middle  of  it  there  lies  a  small  cylindrical 
piece  of  soft  iron,  a  (fig.  66),  which  is  fixed,  by  means  of  a 
p,^  (^  piece  of  brass,  to  a  brass  arbor, 

this  arbor  being  pivoted  at  its 
extremities,  and  weighted  so  as 
to  keep  the  small  iron  rod  in 
the  position  shown,  f  and  p 
are  two  small  soft  iron  slabs, 
placed  end  to  end,  but  just 
sufficiently  far  apart  for  the 
small  iron  rod,  a,  to  swing  freely  between  them. 

The  coil  encircles  these  slabs,  the  arbor,  and  its  attachments ; 
and  when  a  current  passes  through  it,  the  lines  of  force  gather  up 
into  the  slabs,  and  pass  lengthways  along  them,  say  from  P  to  f, 
Vith  the  result  that  there  is  a  very  dense  field  just  between  their 
opposing  ends. 

In  its  normal  position  the  small  iron  rod,  a,  lies  almost  outside 
this  dense  field,  and  we  have  seen  that  a  piece  of  iron  so  situated 
is  always  urged  from  a  weak  part  towards  the  strongest  part  of  the 
field.  Consequently,  the  iron  piece,  a,  is  drawn  down  against  the 
restraining  force  of  gravity  which  acts  on  the  counterbalancing 
weight,  and,  as  an  increase  in  the  current  strength  will  add  to  the 
number  of  lines  and  to  the  force  of  attraction,  the  distance  through 
which  the  iron  piece  is  moved  may  be  made  to  indicate  the 
current  strength.  But  the  depression  of  the  iron  rod  is  not  pro- 
portional to  the  increase  in  the  current,  consequently  an  ordi- 
nary degree  scale,  or  any  other  equally  divided  scale,  cannot  be 
employed.  Reverting  for  a  moment  to  the  construction  of  the 
instrument,  it  should  be  explained  that,  as  shown  in  fig.  67,  the 
two  iron  slabs  (p,  f,  fig.  66)  are  fixed  upon  a  stout  brass  strip,  the 
remote  end  of  which  carries  a  brass  disc  forming  one  bearing  for 
the  arbor.  At  the  near  end  of  the  strip  is  a  larger  disc,  provided 
with  a  hole  through  which  the  spindle  freely  passes,  having  also 
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iied  to  it  a  smaller  brass  disc  which  forms  the  other  bearing  for 
ihe  arbor.  Between  these  two  last-mentioned  discs  is  a  space 
sufficient  for  the  pointer  to  swing  freely  throughout  its  range,  and 
B  small  arm  is  also  attached  to  the  arbor,  its  end  being  tapped  to 
fil  a  small  nut  which  acts  as  the  counterpoise,  keeping  the  pointer 
at  zero  when  no  current  is  passing  through  the  cotls.  The  scale 
phie  IS  vertical,  so  that  the  instrument, 
«^ch  in  appearance  resembles  the  voltmeter  "^ 

pictnred  in  fig.  108,  can  be  placed  against  a  f>/^\ 

nritehboard   or    wall,  and   its  indications  i:J'-  ' 't\ 

COTveniently  read.     The  calibration  is  care-  /     ', 

fiilly  performed,    and  a    separate  scale    is  I        \ 

nude  for  each  instrument,  instead  of  the  |        \       \ 

instruments  being  altered  to  suit  a  common  I        \      j 

scale,  with  more  or  less  accuracy,  as  is  fre-  /^^^^j^^g/j'S  ' 
quently  done.  ^^^OSl  \)  j 

The  ends  of  the  iron  slabs  on  the  further  "C^^^I 

wJe,  as  viewed  in  fig.  66,  are  curved  slightly,  V^ 

tad  by  altering  this  curvature,   the   force 

*ith  which  the  iron  rod  is  attracted  in  any  given  position  can  be 
varied.  This  enables  the  scale  to  be  made  to  suit  the  work  for  which 
fte  ammeter  is  intended  ;  for  instance,  an  instrument  whose  range 
<rf measurement  is  from  20  to  zoo  amperes  may  be  required  for 
Tse  on  a  circuit  where  the  working  current  should  never  rise  above 
•3°  nor  fall  below  90  amperes,  and  in  such  a  case  it  might  be 
"ttessary  to  be  able  to  measure  exactly  the  value  of  the  current 
«tween  those  limits,  while  the  upper  and  lower  parts  of  the  scale 
*ould  simply  be  used  to  indicate  with  certainty  the  fact  of  the 
current  being  either  considerably  too  high  or  loo  low. 

In  such  an  ammeter  the  slabs  would  be  so  shaped  that  a  given 
"icrease  in  the  current  strength  would  move  the  iron  rod  through 
3  much  greater  distance  when  near  the  middle  of  its  swing,  than 
»n  equal  increase  would  move  it  when  it  is  near  the  zero  position, 
Mthe  extreme  end  of  its  journey.  Consequently,  on  calibrating 
the  instrument,  we  should  obtain  a  scale  open  in  the  centre,  and 
closed  at  the  ends— that  is  to  say,  with  much  larger  divisions  in 
lliat  part  where  the  most  accurate  measurements  are  required  to 
ttnade.    On  the  other  hand,  the  scale  could,  if  required,  be 
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made  open  at  the  ends  and  closed  in  the  middle,  or,  in  bti, 
varied  at  any  part  to  suit  special  requirements.  For  comparatJTetj 
low  currents  the  magnetising  coil  is  wound  with  thick  ins 
copper  wire,  but  for  heavy  currents,  such  as  from  zoo  to 
amperes,  a  specially  constructed  coil  is  employed.  If  thi 
ddctor  has  any  appreciable  resistance,  such  heavy  currenS 
develop  a  considerable  amount  of  heat,  and  a  cotton  or  sift 
insulating  covering,  l>esides  impeding  radiation,  is  very  liable  1 
get  damaged.  The  best  insulator  is  air,  which  is  practically 
perfect  non-conductor,  and  indestructible,  and  has  the  advantage 
that  it  moves  away  when  at  all  heated,  its  place  being  taken  by 
colder  air ;  the  insulating  material  thus  tends  to  keep  the  con- 
ductor coot  instead  of  preventing  the  escape  of  heat,  and  only  zi 


very  exceptional  cases  does  the  irregulardissipationof  heal  bylte 
air  currents  introduce  any  error.  Fig.  68  illustrates  the  magnel- 
ising  coil  employed  to  carry  heavy  currents.  It  consists  o(  i 
massive  cylindrical  tubular  casting  of  copper,  the  central  IkA 
being  just  large  enough  to  admit  the  brass  strip  wilh.Jhe.  slrf* 
&c.,  shown  in  fig.  67. 

It  is  divided  by  saw-cuts  to  form  a  'coik'Ttifrcwrreut, -end- 
ing, say,  by  the  straight  connecting  bar  a,  passes  up  the  yertwai 
strip  to  the  top  of  the  cylinder,  and  therice  round  the  coil  ffoir. 
back  to  front.  It  then  passes  .ddwn  to  the  next  convolution  a' 
the. left  of  the  drilled  hole,  v-lrtyg  this  particular  saw-cut  terminate. 
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and  thence  round  the  coil  again  to  the  beginning  of  the  third 
convolution,  at  the  right  of,  and  underneath,  the  drilled  hole. 
After  again  going  round  the  coil  the  current  leaves  by  the  bar  b. 
It  thus  takes  about  2\  complete  turns  round  the  coil,  which,  with 
a  current  of  300  amperes,  would  give  750  ampere  turns. 

It  will  be  evident  that  such  a  coil  has  very  little  resistance, 
and  that  therefore  the  power  absorbed  and  the  amount  of  heat 
developed  in  it  will  be  correspondingly  small.  The  instrument 
may  consequently  be  kept  continuously  in  circuit  without  any  risk 
of  damage  or  serious  waste  of  energy.  The  bars  by  which  connec- 
tion is  made  are  long  and  straight,  to  prevent  the  current  in  the 
leading  wires  affecting  the  *  needle,'  for  without  these  precautions 
a  considerable  error  might,  owing  to  the  small  number  of  convo- 
lutions, be  introduced.  In  an  instrument  for  measuring  1,000 
amperes  the  *  coil '  consists  of  a  massive  cylinder  divided  on  one 
side  by  a  radial  saw-cut,  with  the  straight  connecting  bars  placed 
in  a  line  with  each  other.  In  this  case  the  current  makes  but  \  of 
a  turn  round  the  needle,  thus  again  giving,  with  1,000  amperes,  750 
ampere  turns- 
There  is  one  possible  source  of  error  with  instruments  of 
this  description  due  to  the  retentivity  of  the  iron,  but  by  exer- 
cising great  care  in  the  selection  and  treatment  of  the  metal, 
this  error  has  been  practically  eliminated.  The  iron,  in  fact,  is 
not  touched  by  a  tool  after  it  has  been  annealed,  the  film  of  oxide 
formed  during  that  operation  being  simply  dissolved  by  immer- 
sion in  an  acid.  Perhaps  the  best  way  of  testing  for  inaccuracy 
due  to  this  cause  is  to  take  two  sets  of  readings,  one  with  ascend- 
ing values  of  the  current  from  zero  to  the  maximum,  and  the 
other  with  corresponding  descending  values.  Any  retentivity  of 
the  iron  would  cause  the  latter  set  of  readings  to  be  higher  than 
the  former,  but  in  these  instruments  the  results  are  practically 
identical. 

It  is  not  so  easy  to  accurately  measure  a  current  of  several 
hundred  amperes  as  it  is  to  measure  a  few  amperes  or  a  fraction 
of  an  ampere,  but  all  these  ammeters  are  calibrated  by  having 
their  full  current  passed  through  them,  and  its  effect,  as  indicated 
by  the  pointer,  carefully  observed. 

The    required    current  strength    is  obtained    by   means  of 
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Fig.  69. 


secondary  batteries,  which  are  charged  in  series  and  joined  up  i 
parallel  for  discharging,  and  in  order  to  ensure  greater  accuia«7  li 
definite  fraction  only  of  the  whole  current  is  measured.  For 
example,  if  it  is  desired  to  calibrate  an  ammeter  which  is  capable 
of  measuring  from  40  to  400  amperes,  it  is  joined  up  with  tfae 
secondary  battery,  and  a  set  of  100  rather  stout  iron  wire  resist- 
ances, these  wires  being  all  joined  up  in  parallel,  and  placed  so 
as  to  have  equal  facilities  for  cooHng.  A  standard  anuneter  is 
joined  up  in  circuit  with  one  of  these  iron  wire  resistances,  aod  4 
length  of  the  iron  wire  equal  in  resistance  to  that  of  the  ammeter 
is  removed,  so  that  this  compound  branch,  formed  of  a  portion 
iron  wire  and  the  ammeter,  is  equal  in  resistance  to  each  of  tlie 
other  99  branches  consisting  only  of  iron  wire.     This  standsid 

ammeter  is  calibrated  with  extieose 
care,   and    as  the   main    curate 
divides   equally  among    the 
branches,  the  ammeter  ace 
measures  one-hundredth  of  i^ 
that  for  the  maximum  current 
400  amperes  it  is  only  n 
to  measure  4  amperes — a 
paratively  easy  matter.     For  1,1 
amperes  it  would  thus  be  n 
to  measure  only  10 ;  but  an  an* 
meter  designed  to  measure  such  a 
high  current  is  conveniently  cafi- 
brated  by  joining  in  series  with  it' 
two  5  co-ampere  meters  which  ait^ 
themselves  connected  together  in 
parallel. 

The  absence  of  a  portaUf 
instrument  which  will  stand  a  little  rough  usage  has  hitherto  re» 
stricted  the  measurement  of  alternating  currents  to  such  latbcf 
inconvenient  instruments  as  the  Siemens  dynamometer,  bat  il 
has  recently  been  discovered  that  by  slightly  altering  the  propor- 
tions of  the  iron  parts,  these  gravity  ammeters  answer  admirably 
for  measuring  alternating  currents,  the  difference  in  the  reading^: 
caused  by  any  variation  in  the  rate  of  alternation  within  the  liinitt 
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vbich  obtain  in  electric  lighting  (that  is,  from  about  50  to  120 
■Iccmations  per  second)  being  practically  nil. 

A  simple  form  of  gravity  ammeter  is  that  shown  in  fig.  69, 
and  made  by  the  Soci^t^  des  T^l^phones  de  Zurich.  The  indi- 
cating needle  is  attached  to  a  peculiarly  shaped  tongue  of  very 
thin  soft  sheet  iron,  a,  which  is  furnished  at  intervals  with  a 
number  of  holes.  I'hese  holes  afford  a  means  of  adjusting  the 
sensibility  of  the  instrument  and  making  the  scale  open  near  any 
dearcd  reading.  As  the  current  passing  through  the  coil  increases 
in  strength  the  tongue  is  drawn  up  into  the  bobbin  and  the  needle 
made  to  pass  over  the  scale  on  the  face  of  the  instrument. 

The  '  Steel-yard '  ammeter,  made  by  the  Electrical  Power 
Storage  Company  and  illustrated  in  fig.  70,  is  a  useful  and  in- 


teresting piece  of  apparatus.  It  consists  of  a  coil  ot  thick  wire, 
which,  for  heavy  currents,  is  simply  a  copper  rod  bent  into  a  spiral 
and  enclosing  a  soft  iron  core,  which,  on  being  magnetised,  attracts 
a  soft  iron  armature  attached  to  one  end  of  the  steel-yard  lever. 
A  sliding  weight  is  suspended  from  the  other  arm  of  the  lever,  its 
position  being  adjusted  until  it  just  balances  the  force  of  attraction 
between  the  core  and  its  armature.  This  instrument  is  very  con- 
venient from  the  fact  that  its  sensitiveness  can  be  varied  in 
several  ways,  such  as  varying  the  weights,  &c.  The  range  can  also 
be  varied  by  varying  the  length  of  the  lever.  The  range  of  each 
instrument  is  considerable,  the  one  illustrated  being  designed  to 
indicate  from  50  to  250  amperes. 
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TliL  '  Disc'  ammeter  of  Messrs.  Drake  and  Gorham  8 
IS  another  useful  and  simple  instrument.  It  consistsotf 
of  copper  rilibon  enclosing  a  soft  iron  core,  having  for  it 
a  soft  iron  disc  a.  When  the  pointer  stands  at  zero,  as  ik 
the  figure,  the  centre  of  gravity  of  the  disc  is  just  belcnrjl 
pending  pivots,  which  arc  carried  by  two  pieces  of  b 
to  the  core,  the  disc  rotadng  between  them.  A  sm^-dl 
the  disc  is  cut  off  so  as  to  form  a  slight  prominence,  tt 


ns  a  nie:ini  of,  10  soni 
of  force  at  a  ilLTinite 
increases    ihe  altractic 


.Mi'iK,  conccniraiing  the  magnelic 
'oini.  As  the  sirength  of  the  cu 
of  this  portion  of  the  disc  causO 


heavier  section  to  be  raised  against  the  force  of  gravity. 
non-m.iL;iii.'Uc  index  needle  i.s  fixed  to  the  disc,  and  as  the  II 
rotates  tin  ni;edle  travels  over  a  clear  open  scale. 

The  lineman's  detector  (figs.  72  and  73)  is  a  very  hand? 
strumem  uhen  used  for  tracing  circuits  and  localising  feuIH, 
it  must  not  be  regarded  as  a  measuring  instrument.    It 


Lineman's  Detector 


[dinar}'  instrument  bobbins,  mounted  vertically,  and  each 
with  two  coils  of  wire,  one  consisting  of  a  few  turns  of  thick 


e  and  the  other  of  many  turns  of  fine  wire.    The  former  is 
^)y  wound  lo  o'3  ohm,  and  the  latter  to  about  loo  ohms.    A 


added  to  the  thick  wire  coil  to  reduce  its 
ignet  is  about  an  inch  lon^,  and  is  mounted 


n 
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on  a  horizontal  axis  (see  fig.  74),  so  that  it  can  turn  freely  inside 
the  coils,  a  long  non-magnetic  indicating  needle  being  also  fiied 
on  the  front  end  of  the  spindle  and  moving  over  a  graduated  dial 
Sometimes  a  soft  iron  needle  is  substituted  for  the  magnetised  sted 
one,  it  being  magnetised  by  the  induction  of  two  powerful  sted 
magnets  fixed  to  the  bobbins,  one  of  which  is  shown  at  m  in  fig.  75. 
These  magnets  can  be  curved  so  as  to  fit  into  a  case  of  ordinaij 
dimensions. 

One  end  of  each  of  the  coils  is  connected  to  one  or  other  of 
the  outer  terminals  on  the  top  of  the  case,  the  other  two  ends 
being  both  joined  to  the  centre  terminal.  Constructed  as  de- 
scribed, the  needle  should  be  deflected  through  40**  or  50*  hyt 
current  flowing  through  the  thin  wire  coil  of  9*3  milliamperes— 
that  is  to  say,  by  a  single  Daniell  cell  having  an  internal  resistance 
of  7  ohms.  The  thick  wire  coil  should,  with  the  same  cell  gtnnj; 
a  current  of  139  milliamperes,  cause  a  deflection  of  20^  to  30®. 
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CHAPTER  V. 

MEASUREMENT  OF   RESISTANCE, 

When  the  difference  of  potential  in  volts  between  the  two  ends 
of  a  wire  is  known,  and  also  the  current  in  amperes  which  that 
difference  of  p)otential  is  able  to  maintain  in  the  wire,  then  the 
resistance  of  that  wire  in  ohms  may  easily  be  calculated,  for  by 
Ohm's  law  it  is  equal  to  the  number  of  volts  divided   by  the 

number  of  amperes,  or  r  =    -,  where  e  stands  for  the  electro- 

c 

motive  force  in  volts,  c  for  the  current  strength  in  amperes,  and  r 
for  the  resistance  in  ohms.  If,  for  instance,  a  difference  of  poten- 
tial or  an  electro-motive  force  of  15  volts  between  the  two  ends  of 
a  wire  were  able  to  maintain  a  current  of  2  amperes  through  it, 

then  its  resistance  would  be  ^  —  y.^  ohms.     But  if  the  resulting 

2 

current  were  only  2  milliamperes,  then  the  resistance  would  be 

r-^  =  7500  ohms.  With  one  of  the  instruments  described  in 
002       '^ 

^e  preceding  chapter,  the  current  flowing  may  be  measured,  and 
in  the  next  chapter  we  shall  show  how  the  difference  of  potential 
^tween  any  two  points  of  a  circuit  may  be  measured  in  volts  ; 
^d  this  method  is  perhaps  the  very  best  that  can  be  devised  for 
finding  the  value  of  very  low  resistances.  But  sometimes  we 
^ow  the  maximum  difference  of  potential  or  electro-motive  force 
which  a  certain  current-generator  can  produce,  and  this  knowledge 
will  enable  us  in  certain  cases  to  calculate  resistance  after  merely 
Dtteasuring  current  strength. 

If  we  have  a  battery  of  which  we  know  the  electro-motive 
force,  say  10  volts,  and  also  the  internal  resistance,  say  20*,  we 

K  2 
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may  use  it  to  send  a  current  through  the  tangent  galvanometer,  c 
and  the  unknown  resistance,  Xy  by  joining  them  all  in  series 
shown  in  fig.  76.  Suppose  the  resulting  current  to  be  20  mill-! 
amperes  as  measured  by  the  tangent  galvanometer,  then  we  ma* 
find  the  total  resistance   of  the  whole  circuit  by  dividing  the 

Fig.  76. 


electro-motive  force  by  the  current  The  total  resistance  will  be 
J£  =  500'".     Now,  the  resistance  of  the  battery  and  galvaufl-l 

*02 

1 

meter  is  340-.;  if  we  subtract  this  from  the  total  resistance  we  get 
the  value  of  the  unknown  resistance,  x^  that  is,  500  —  340  =  ifc 
ohms. 

By  using  the  thick  wire  coils  of  the  galvanometer,  and  a  batteqf 
of  very  low  resistance  as  compared  with  that  of  the  unknown  reast- 
ance,  no  serious  error  will  be  made  by  ignoring  the  resistance  of  Ik 
battery  and  galvanometer,  and  regarding  the  unknown  lesistaooe 
as  the  total  resistance  of  the  circuit.  Under  these  conditions  i 
number  of  fairly  high  resistances  may  be  easily  compared,  for  the 
same  electro-motive  force  will  send  through  each  a  current  whid 
is  inversely  proportional  to  the  resistance.  Thus,  if  with  thnl 
resistances,  <z,  ^,  r,  we  get  deflections  of  30,  25,  and  60  tang^tf 

divisions  respectively,  then,  a\  b  \  c  \\  -^\  —  :-L 

30     25     60 

that  is,  a  \b  \  c  \\  \o  \  \2  :  5. 

Presuming  the  galvanometer  to  be  so  adjusted  that  a  deflectkn! 
of  30  tangent  divisions  is  obtained  when  a  current  of  10  miS ' 
amperes  is  passed  through  the  thick  wire  coil,  and  the  battaj 
employed  to  have  an  electro-motive  force  of  2  volts,  then  die 

resistance  of  «  =  =  200*.     Therefore,  the  resistance  of  #== 

O'OI 
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240',  and  of  r  =  loo*.  As  previously  stated,  however,  the 
resistance  of  the  battery  and  of  the  galvanometer  must  be  taken 
into  account,  unless  they  are  very  low  indeed  as  compared  with 
the  unknown  resistances. 

It  should  here  be  observed  that  in  most  of  the  tests  to  be 
descnbed  it  is  necessary  that  a  set  of  resistances  whose  values 
are  known  exactly  should  be  provided.  The  accuracy  of  the 
results  obtained  depends,  in  a  very  great  measure,  upon  the 
accmacy  of  the  values  given  to  these  resistances,  so  that  great 
care  should  be  exercised  in  their  manufacture,  measurement,  and 
use.  In  Chapter  II.  some  of  the  principal  causes  of  inaccuracy 
vere  enlaiged  upon,  and  it  was  shown  how,  by  avoiding  them,  a 
relkUe  set  of  resistance  coils  might  be  produced. 

Assuming  such  a  set  of  coils  to  be  available,  let  us  now  discuss 

its  utility  in  helping  us  to  ascertain  the  resistance  offered  by  other 

conductors. 

If  a  wire,  whose  resistance  we  desire  to  ascertain,  is  joined  up 

vith  a  battery  and  galvanometer,  the  current  flowing  will  deflect 

Fig.  77. 


I 
R      » 


oe 


he  galvanometer  needle  through  a  certain  angle  ;  let  this  angle  be 
iccurately  noted.  Then,  if  the  unknown  resistance  is  removed 
rom  the  circuit,  and  a  box  of  coils  of  known  resistance  inserted  in 
ts  place,  this  same  deflection  may  be  reproduced  by  varying  the 
tmount  of  resistance  introduced  by  means  of  the  plugs  or  arms, 
«  described  in  Chapter  II.  The  current  then  deflecting  the 
leedle  will  manifestly  be  exactly  the  same  in  strength  as  in  the 
irst  case,  and  therefore  (since  the  electro-motive  force  of  the 
ttttery  is  unaltered)  the  total  resistance  of  the  circuit  must  be  the 
ame  as  before.  Hence  the  resistance  in  the  box  is  equal  to  the 
mknown  resistance.  A  convenient  way  of  taking  this  test  is  shown 
o  fig.  77-     R  Js  the  set  of  resistance  coils,  x  the  unknown  resist- 
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ance,  and  s  is  a  three-way  plug  switch,  consisting  of  three  pieces 
of  brass,  any  two  of  which  may  be  joined  together  by  inserting  a 
brass  plug  in  the  holes  provided  for  the  purpose  between  than. 
By  means  of  this  switch,  either  jc  or  r  may  be  rapidly  placed  in 
circuit,  and  it  is  advisable  to  take  a  second  test  after  r  has  been 
adjusted,  to  make  sure  that  the  electro-motive  force  of  the  battery 
has  not  been  altered  by  polarisation  and  so  have  varied  the  vahc 
of  the  test  The  galvanometer,  g,  should  be  a  sensitive  one ;  it 
should,  in  fact,  under  all  conditions  indicate  the  alteration  in  the 
current  strength,  caused  by  the  addition  or  subtraction  of  the  coil 
of  lowest  value  in  the  resistance-box.  As  by  this  method  the 
same  deflection  is  reproduced,  any  form  of  galvanometer  wiH 
answer  the  requirements,  providing  only  that  it  is  suffidentlj 
sensitive. 

Supposing,  however,  a  tangent  galvanometer  and  a  batteiy, 
both  of  very  low  resistance,  to  be  available,  the  currents  wlwi 
the  battery  can  send  through  a  known  and  an  unknown  resistance 
can  be  compared  directly  by  the  deflections  of  the  galvanometer 
needle,  for  if  there  are,  say,  50  tangent  divisions  in  the  first  case 
and  45  in  the  second,  and  the  known  resistance  is  32  ohms,  tho 

45  :  50  •:  32  :  ^1 

because  the  deflection  in  each  case  will  be  inversely  propordaal  i 
to  the  resistance  in  circuit.  Hence, :«:  =  35-5  ohms.  The  thIe^| 
way  plug  switch  may  be  used  as  in  the  last  test,  but  both 
readings  should  be  taken  near  the  *  angle  of  maximum  sensitiw* 
ness,'  viz.  45**. 

When,  however,  the  resistances  of  the  battery  and  gah-ano- 
meter  are  comparatively  high,  their  values  must  be  known  or 
ascertained,  and  allowed  for  in  accordance  with  Ohm's  law  as 
follows  :  Let  the  resistance  of  the  galvanometer,  g,  be  320*  that 
of  the  battery  r  =  12*,  and  the  known  resistance  r  =  560*; 
let  the  current  with  r  in  circuit  (Ci)  give  50  tangent  divisions, 
and  with  x  in  circuit  (c^)  give  45  tangent  divisions. 

Then,  in  the  first  case, 

d  = ,  whence  Ci(r  -f  g  -f  r)  =  e. 
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and  in  the  second  case, 

c,  = ,  whence,  also,  c^ix  +  g  +  r)  =  e, 

therefore  c^J^x  +  g  -f  r)  =  c,(r  +  g  -f  r), 

whence  x  =  — (r  -f  g  -f  r)  —  g  -  r. 

Since  — *  is  merely  a  ratio,  the  strength  of  the  currents  in  milli- 
Ca 

amperes  need  not  be  known,  the  number  of  tangent  divisions 

produced  by  the  currents  being  inserted  instead  of  Ci  and  Cj. 

Inserting  all  the  values,  then,  we  get 


=  5? 
45 
X  =  6s9'i  ohms. 


:r  =  5_  (560  +  320  -f  12)  •—  320  —  12 
45 


The  resistance  of  the  galvanometer  is  nearly  always  known 
and  engraved  on  the  instrument,  but  it  is  frequently  necessary  to 
measure  the  resistance  of  the  battery  at  the  time  of  making  the 
test  To  avoid  this  it  is  better  to  use  a  battery  of  very  low  resist- 
ance, and  this  may  usually  be  obtained  by  joining  up  several  sets 
in  parallel. 

The  equation  w^ill  then  stand  : 

jc  =  ^  (r  +  g)  —  G. 

By  inserting  the  values  as  before  we  can  see  the  amount  of  the 
enor  caused  in  this  case  by  ignoring  the  battery  resistance  of 
12  ohms. 

X  =^  ^~  (560  -f  320)  —  320 

45 
X  =  657* J  ohms. 

The  error  is  thus  but  i'3'' ;  and  it  is  not  difficult  to  get  a  battery 
of  only  about  i  ohm  resistance  to  send  a  sufficiently  strong  current 
for  the  above  test,  when  the  error  would  be  negligibly  small. 

This  method  also  provides  us  with  a  means  of  measuring  the 
resistance  of  a  galvanometer.    For,  let  the  second  reading  be 
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taken  through  a  known  resistance  k  =  700"  instead  of  x^ 
ignoring  the  battery  resistance,  it  follows  that,  as  before, 

Ci(r  +  g)  =  Cj(k  +  G) 

CiR  +  CiG  =  CjK  -4-  CjG 
G(Ci  —  Cj)  5=  C^K  —  C|R 

C2IV  ^  C I K 


G  = 


C,  —C, 


Inserting  the  values  we  get 


45  X  700  —  50  X  560       ^        , 
G  =  ^^ ^ ^ —  =700  ohms. 

50-45 

With  the  same  apparatus  the  internal  resistance  of  the 
may  be  measured.  For  if  the  battery  is  joined  up  to  the  loj 
resistance  coil  of  the  galvanometer  (three  or  twelve  turns),  pra( 
cally  the  only  resistance  in  the  circuit  will  be  that  of  the  battery 
If  possible,  the  adjustable  magnet  should  be  placed  so  that 
deflection  is,  say,  50  tangent  divisions.  Now,  it  will  be  e^ic 
that  to  halve  the  current  flowing,  the  resistance  in  the  circuit 
be  doubled,  \%  therefore,  resistance  r  is  inserted  until  the  defle 
tion  falls  from  50  to  25  divisions,  the  resistance  r  will  be  equal 
the  resistance  x  of  the  battery. 

Sometimes,  however,  the  effect  of  the  controlling  magnet 
insufficient  to  produce  a  convenient  deflection,  and  it  is 
necessary  to  introduce  some  resistance  in  the  flrst  test,  say  p, 
this  purpose.     Then 

c  = ,  or  c(^  -h  p)  =  E. 

jc  -f  P 

If,  now,  p  is  increased  to  r  in  order  to  halve  the  defl< 
and  therefore  halve  the  current  strength, 

c  . 
2 


then 


F  C 

— ^ — ^  or  -ix  +  r)  =  E, 

jr  -f-  r         2^  ' 


'{x  +  r)  =  c(a'  4-  P), 


therefore 

whence  ;i'  =  r  —  2P. 

For  instance,  if  with  a  low-resistance  galvanometer  it  is  found 
necessary  to  insert  1 1  ohms  in  order  to  bring  the  deflection  d(rm 
to  60  divisions,   and  to  increase  this  resistance  to  31  ohms  in 
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order  to  make  the  deflection  30  divisions,  then  the  resistance  of 
the  battery  :t  =  31  —  22  =  9  ohms. 

In  some  cases  the  resistance  of  a  cell  is  so  very  low  that  it 
becomes  a  difficult  matter  to  measure  it  with  great  accuracy. 
Secondary  cells,  especially,  have  not  only  a  low  resistance,  but 
also  a  comparatively  high  e.m.f.,  so  that  some  special  method  is 
necessary  in  dealing  with  them,  if  great  accuracy  is  desired. 

A  very  pretty  method  consists  in  allowing  the  cell  to  send  a 
current  through  a  low  external  resistance  of  known  value,  and  then 
measuring  the  fall  of  potential  which  takes  place  along  this 
resistance.  This  fall  can  be  easily  found  by  subtracting  the 
external  potential  difference  from  the  total  e.m.f.  developed.  As 
the  resistance  of  each  portion  of  the  circuit  is  proportional  to  the 
fiill  of  potential  taking  place  along  it,  the  internal  resistance  of 
the  cell  can  then  be  deduced.  One  of  the  hot-wire  voltmeters 
(page  189),  designed  to  indicate  up  to  2*5  volts,  is  a  useful  piece  of 
apparatus  for  this  work.  The  total  e.m.f.  of  the  cell  can  be 
measured  by  joining  the  voltmeter  to  the  cell  terminals,  because 
the  high  resistance  of  the  voltmeter  allows  only  a  feeble  current  to 
be  generated,  so  feeble,  in  fact,  that  the  fall  of  potential  inside 
the  cell  is  exceedingly  low;  whence  the  potential  difference 
indicated  is  practically  equal  to  the  e.m.f.  developed.  If  a  second 
external  conductor,  but  of  low  resistance,  is  also  joined  to  the  ter- 
minals of  the  cell,  the  total  external  resistance  will  be  considerably 
reduced,  and  the  fall  of  potential  inside  the  battery  proportionally 
increased,  and  a  lower  E.M.F.  will  be  indicated  by  the  voltmeter.. 
Consequently,  if  we  denote  the  total  e.m.f.  by  e,  the  fall  of  poten- 
^l  in  the  external  and  internal  portions  of  the  circuit  by  p  and  / 
respectively,  the  resistance  of  the  cell  by  /-,  and  of  the  known 
external  resistance  by  r,  it  is  evident 

E-p  =/, 
and  p  :/  ::  R  :  r ; 


from  which  we  get 


--  /R 


When  a  battery  of  such  cells  is  to  be  measured — say  twenty — 
^t  is  better  to  reverse  nearly  half  of  them — in  this  case,  nine ; 
then  the  resistance  to  be  measured  is  that  of  twenty  cells,  while 
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the  E.M.F.  urging  a  current  through  them  is  only  that  of  two 
cells. 

The  method  next  to  be  described  depends  upon  the  fact  that 
if  two  conductors  of  exactly  equal  resistance  are  joined  op* in 
parallel '  and  placed  in  a  circuit,  as  shown  in  fig.  78,  the  current 
will  divide  equally  between  the  two— that  is,  the  current  in  a  wiD 
be  exactly  equal  to  the  current  in  b.  The  converse  of  this  holds 
good,  viz.  if  we  have  two  conductors  so  joined  up  in  parallel,  and 

Fig.  78. 


we  know  that  the  current  in  a  is  exactly  equal  to  the  current  in  I, 
then  we  are  certain  that  the  resistance  of  a  is  exactly  equal  to  the 
resistance  of  b. 

The  *  Differential  Galvanometer '  is  an  instrument  for  shoving 
when  the  currents  in  two  branch  circuits  are  equal.  In  principle 
it  is  very  simple.  It  consists  of  a  magnetic  needle,  either  pivottd 
horizontally  or  vertically,  surrounded  by  two  distinct  coils  of  wire 
of  exactly  equal  resistance,  and  wound  so  as  to  act  with  equal  foioe 
on  the  needle.  If,  therefore,  a  current  is  sent  through  one  coil,  anil 
a  current  of  equal  strength  through  the  other  in  the  op>p9ak 
direction^  their  effects  will  be  neutralised  one  by  the  other,  and 
the  needle  will  not  be  deflected.  Figs.  79  and  80  illustrate  a 
really  good  form  of  differential  galvanometer,  for  ordinary  wok, 
which  is  used  in  the  telegraph  service. 

The  soft  iron  needle  is  vertical,  but  the  arrangement  fa 
keeping  it  strongly  magnetised  is  somewhat  peculiar. 

Fig.  80  shows  side  and  front  elevations  of  the  needle  aad 
magnets.  The  spindle,  which  is  pivoted  at  a  and  3,  is  latber 
massive,  and  a  piece  of  brass  is  inserted  obliquely  at  cc,2s  shova. 
thus  breaking  its  magnetic  continuity.  Each  half  of  the  needle, 
ns,  is  fixed  at  right  angles  to  one  half  of  the  spindle  at  tte 
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point,  and  the  whole  is  embraced  by  two  horse-shoe  magnets, 

placed  with  their  like  poles    adjacent,  as   shown  in  the  figure. 

These  magnets  form  a  very  strong  field  in  the  space  in  which  the 

spindle  lies.     A  large  number  of  the  lines  of  force  pass  through 

the  spindle,  but  when  they  reach  the  break  in  the  iron  at  cc  they 

bend    upwards     through 

the  soft  iron  needle  from 

one  side,  and  downwards 

from  the  other  side,  the 

result    being     that    the 

needle  is  a  powerful  mag- 
net with   its  north  pole 

downwards.     On  the  end 

of  the  spindle  is  fixed  a 

blackened  brass  pointer, 

pp,  which,  passing  over 

or  in  front  of  a  circular 

<3ial  divided  into  degrees, 

mdicates  the  movements 

of  the  needle.     The  two 

wires,  each    offering   50" 

resistance,  are  wound  side 

by  side  over  two  separate 
bobbins,  so  that  the  cor- 
responding portions  of 
each  wire  are  equally  dis- 
posed in  relation  to  the 
needle  and  exert  equal 
""^gnetic  effects  upon  it  This  method  is,  of  course,  far  in  advance 
of  the  old  instnjment- makers'  method  of  winding  one  wire  alone 
on  one  bobbin  and  the  other  on  another  bobbin.  The  tests  for  a 
differential  galvanometer  are  that,  if  powerful  but  equal  currents 
*re  sent  in  opposite  directions  through  the  coils,  no  effect  should 
he  produced  upon  the  needle  :  each  coil  used  separately  should 
produce  equal  but  opposite  deflections  with  the  same  current,  and 
'he  coils  should  oiler  exactly  the  same  resistance.  The  inner 
*nds  of  the  two  wires  on  the  bobbins  are  respectively  joined 
together  and  the  other  four  ends  connected  to  as  many  terminals 
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on  the  back  of  the  instrument.  This  allows  the  current  to  be 
sent  through  the  coils  in  several  ways  First  through  one  cml 
only,  resistance  50".  Secondly,  through  both  coils  in  series  \a 
such  a  direction  that  they  act  upon  the  needle  in  the  same 
manner,  when  the  resistance  will  be  100"  and  the  deflective 
action  doubled,  provided  the  increase  of  resistance  does  not 
sensibly  reduce    the  current.     Third)),   through  both   coils  in 


parallel  and  in  the  same  direction  ;  the  resistance  in  this  case  will 
be  35",  and  the  deflective  action  the  same  as  that  of  one  coil  onl). 
Fourthly,  through  both  in  parallel,  but  in  opposite  directiwts, 
when  the  needle  should,  as  already  stated,  be  unaffected.  lastly, 
through  both  coils  in  series  in  opposite  directions,  when  the  needle 
should  also  be  unaffected.  This  last  method  of  joining  up  is  also 
useful  for  proving  if  the  deflective  effects  of  the  two  coils  are 
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equal,  for  the  same  current  passes  through  each  irrespective  of 
their  resistance. 

Although  the  wires  are  wound  side  by  side  throughout,  it  is 
very  rarely  that  they  are  found  to  act  with  equal  force  on  the 
neaile.  There  are  three  ways  of  attaining  this  result  without 
aiFectii^the  resistance.  The  position  on  the  bobbins  of  a  portion 
of  either  or  both  of  the  wires  may  be  altered  ;  or  a  part  of  the  wire 
which  has  the  greater  effect  may  be  unwound  and  wound  back  on 
the  bobbin  in  the  opposite  direction ;  or  the  stronger  may  be 
onvcmnd  until  an  exact  balance  is  obtained,  when  the  length  so 
imwound  may  be  coiled  up  in  the  base  of  the  instrument,  where, 
'^  wound  *  double,'  it  will  have  no  effect  on  the  needle. 

The  lower  end  of  the  needle  is  weighted,  to  keep  it  in  the  vertical 
position  and  to  restore  it  to  that  position  on  the  cessation  of  the 
cnnent ;  and  the  current  acts  against  this  weight  when  it  deflects 
the  needle.  The  arm  at  which  this  weight  acts  increases  with  the 
deflection  of  the  needle,  so  that  the  angle  of  deflection  cannot  be 
proportional  to  the  current  strength.  The  relation  between  the 
two  is,  in  fact,  irregular,  because  of  the  peculiar  shape  of  the 
needle  (shown  in  fig.  80),  and  because  the  field  due  to  the  current, 
although  almost  uniform  inside  the  coil,  is  far  from  being  so  near 
tike  edges  and  just  outside. 

But  at  present  we  shall  only  consider  the  use  of  the  instrument 
with  the  needle  at  or  near  zero,  at  which  point,  it  may  be  men- 
tioned, it  is  most  sensitive. 

Provided  with  this  instrument,  a  battery,  and  a  set  of  resistance 
coils  of  sufficient  range,  we  are  in  a  position  to  rapidly  measure 
unknown  resistances. 

Fig.  81  shows  the  best  way  of  making  the  connections,  o  is 
the  galvanometer,  r  a  set  of  resistance  coils,  x  the  unknown 
lesistance,  and  k  a  key  for  closing  the  battery  circuit.  On  de- 
pressing the  key,  the  current  will  divide  at  a  c,  the  junction  of  the 
two  coils  of  the  galvanometer,  part  passing  through  the  coil  a  b 
and  R,  and  the  remainder  through  the  other  coil  cd  and  x^  back 
to  the  battery. 

Supposing  R  to  be  of  less  resistance  than  x^  then  a  greater 
part  of  the  current  will  pass  through  ab  and  r  than  through  cd 
and  X,  consequently  the  needle  will  be  deflected  to  one  side.    By 
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increasing  R  this  excess  of  current  will  be  diminished,  and 
deflection  of  the  needle  also  decreased,  until  the  needle 
stands  at  zero.     Then  the  currents  flowing  through  both  coib 
the  galvanometer  are  equal,  and  therefore  the  resistance  of 
branches  must  be  equal,  viz. 

that  is,  ^  =  R. 

By  further  increasing  r  the  needle  would  be  again  deflects 
but  in  the  opposite  direction  to  that  previously  obtained. 

Before  making  a  test  it  is  advisable  to  find  out  and  note  inj 
which  direction  the  needle  is  deflected  when  r  is  too  large  or 

Fig.  81.  small,  so  that  immediately  { 

the  needle  moves  to  one; 
side  or  the  other  we  maiTi 
know  whether  it  is  required] 
to  increase  or  decrease  k. 

It  may  be  necessaiy  to.| 
measure  resistances  whidi 
are  either  higher  or  lower] 
than  any  which  can 
inserted  in  the  box  r. 
range  can  then  be  extent 
by  shunting  one  coil  of  tl 
galvanometer  —  say  by 
wire  one-ninth  of  the  resistance  of  the  coil.  Then,  as  only 
tenth  of  the  current  in  that  branch  will  pass  through  the  gaha^ 
nometer  coil,  a  balance  will  be  obtained  when  the  total  resii 
in  that  branch  is  one-tenth  of  the  resistance  of  the  other.  Fc 
instance,  suppose  the  coil  of  the  galvanometer  connected  to  RtO' 
be  so  shunted,  and  a  balance  to  be  obtained,  when  the  resistaooe 
in  R  amounted  to  650  ;  then  the  unknown  resistance  wooUj 
be  6,500- nearly.  We  say  nearly,  because,  in  order  to  obtain  aj 
perfectly  accurate  result,  compensating  resistance  must  be  insertedi 
to  make  the  resistance  of  the  shunted  galvanometer  coil  equal  to| 
50*  as  explained  in  the  preceding  chapter. 

In  measuring  electro-magnets  or  any  single  wound  coils,  K 
sudden  jerk  of  the  needle,  due  to  self-induction  (see  Chapter  VII.)^ 
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will  always  be  noticed  on  making  and  breaking  the  circuit.  In 
such  cases  care  should  be  taken  to  see  that  the  needle  rests  at  zero 
when  no  current  is  flowing,  and  then  the  key  should  be  depressed 
and  the  adjustments  made  with  a  steady  uninterrupted  current 
antil  the  needle  again  comes  to  zero. 

The  differential  galvanometer,  although  a  first-rate  instrument 
for  comparing  two  resistances  by  the  equalisation  method,  loses  in 
simplicity  and  rapidity  when  shunts  have  to  be  used  and  allowed  for. 
By  means,  however,  of  a  piece  of  apparatus  known  as  the  'Wheat- 
stone  Bridge,'  the  value  of  any  resistance  can  be  readily  measured. 
The  principle  of  this  invaluable  apparatus  is  very  simple,  and  is 
explained  by  the  diagram  (fig.  82).  Let  us  suppose  two  wires, 
A  a  f  B  and  a.  d  d  By  either  equal  or  unequal  in  resistance,  to  be 

Fig.  82. 


joined  up  in  parallel  and  a  current  sent  through  or  divided  between 
them,  as  shown  in  the  figure.  The  current  will,  as  already  ex- 
plained, divide  itself  between  the  two  wires  inversely  as  their 
resistances,  but,  for  our  present  purpose,  the  current  strength  is  a 
Otttter  of  little  or  no  importance. 

If,  now,  one  end  of  a  galvanometer  coil,  g,  is  joined  to  any 
point,  tf,  in  one  wire,  and  the  other  end  to  a  point,  g^  in  the 
other,  very  near  to  the  junction  b,  a  deflection  of  the  galvano- 
^Deter  needle  will  be  observed,  indicating  a  current  flowing  from 

On  removing  the  galvanometer  wire  from  g  and  joining  it  to 
^ther  point,  ^,  also  in  the  second  wire,  but  very  near  to  a,  the 
g^vanometer  will  again  indicate  a  current,  but  flowing  in  the 
reverse  direction,  viz.  from  h  to  e.  If  contact  were  successively 
"^e  at  points  along  the  wire  Kb  dB  farther  from  a,  the  current 
^ould  become  feebler  and  feebler  untO,  finally,  a  point,/  would  be 
found  at  which  the  needle  would  not  be  affected  at  all,  showing 
Ac  absence  of  a  current  through  the  galvanometer. 
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There  can  be  but  one  explanation  to  these  experiments.  It 
was  clearly  laid  down  and  demonstrated  in  Chapter  II.  that  when* 
ever  a  current  of  electricity  flows,  it  does  so  invariably  in  virtue  d 
a  difference  of  potential  between  the  extremities  of  the  conductor 
through  which  it  flows,  and,  conversely,  whenever  the  extremities  ] 
of  a  conductor  are  at  different  potentials  a  current  flows  throogl) 
it.  These  two  facts  must  never  be  lost  sight  of,  for  they  constitute 
the  key  to  a  host  of  electrical  phenomena  and  problems.  Inasmud), 
then,  as  it  was  seen,  by  the  evidence  of  the  galvanometer,  c,  fig.  82, 
that  a  current  passed  through  it  when  its  terminals  were  connected 
to  the  points  e  and  g^  and  to  the  points  e  and  h^  the  current  a 
currents  flowed  as  a  consequence  of  a  difference  of  potential 
between  those  points.  And  the  absence  of  a  current  on  connea- 
ing  the  points  e  and /together  is  an  equally  clear  proof  that  those 
two  points  were  at  the  same  or  equal  potentials.  If  we  suppose* 
to  be  at  a  higher  potential  than  b,  and  connect  the  galvanomciff 
directly  to  those  points,  so  that  it  shall  share  the  current  aniTing 
at  A,  the  needle  will  be  deflected  to  one  side  or  the  other,  the 
particular  deflection  being  governed  by  the  direction  of  thecuneK 
round  the  needle.  Let  us  suppose  the  deflection  to  be  to  theriglit 
Then,  on  connecting  the  galvanometer  to  a  and  gy  or  eventt 
e  and  gy  the  deflection  will  also  be  to  the  right,  and  will  estahSA 
the  fact  that  the  potential  at  e  is  higher  than  that  at  g.  On  the 
other  hand,  the  opposite  deflection  which  is  obtained  when  tlie 
galvanometer  is  connected  to  e  and  h  affords  ample  proof  that  the 
potential  at  h  is  higher  than  that  at  e.  Now,  as  the  ends  of  the 
two  wires  at  a  are  always  at  the  same  potential,  and  as  the  ends  it 
6  are  also  at  the  same  potential,  although  lower  than  that  at  a,  it 
follows  that  the  fall  of  potential  along  a  ^  r  b  must  equal  that 
along  A.b  dB.  It  also  follows  that  if  we  flx  upon  any  one  posat 
in  either  of  the  wires,  there  must  always  be  a  point  somewhoein 
the  other  wire  which  will  be  at  exactly  the  same  potential,  and  i 
these  two  points  are  connected  together  no  current  can  possiblf 
flow  between  them.  Herein  is  the  underlying  principle  erf  Ae 
Wheatstone  bridge. 

We  must  now  endeavour  to  discover  what  relation,  if  aaji 
exists  between  the  resistances  of  the  four  sections  into  which  these 
wires  are  divided.    Let  the  resistance  of  the  section  between  a  zxA 
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«be  denoted  by  «,  that  between  a  and /by  ^,  between  e  and  b  by 
^and  between /and  b  by  d. 

The  difference  of  potential  between  a  and  e  is  equal  to  that 
between  a  and/;  call  this  Pp 

Again,  the  difference  of  potential  between  e  and  b  is  equal  to 
that  between /and  b  ;  call  this  Pj. 

Now  we  have  seen  that  in  every  case  (since  by  Ohm's  law 
e=cr)  the  difference  of  potential  between  any  two  points  is  equal 
to  the  current  flowing,  multiplied  by  the  resistance  of  the  con- 
ductor between  those  points. 

Suppose  the  current  flowing  in  the  upper  branch,  a  ^  b,  to  be  Cj, 
and  that  in  the  lower  branch,  a/b,  to  be  03. 
Then  Pj  =Ci  x^z  j 

also  p,  =  CgX^j 

therefore  Ci  x  a  =  Ca  x  ^, 

or  ?  =  E2. 

b      Ci 

^in,  P2  =  C|X<:, 

also,  PjssCaXi/, 

therefore  c,  x ^  =  Cj  x  ^, 

or  i  z=  £2. 

d      Ci 

^^t  ^  is  likewise  equal  to  -2.  ; 
b  c, 

«>nsequently  ^  =  •^• 

O        a 

\      This  is  the  relation  between  the  resistances  which  we  sought 
j.  to  discover,  and  we  might,  in  the  same  way,  prove  that  it  holds 
',  good  for  other  cases  where  the  resistances  have  different  values. 
The  relation  may  also  be  viewed  from  another  standpoint. 
The  fall  of  potential  along  a  conductor  is  proportional  to  its  re- 
distance,  and,  conversely,  the  resistance  of  a  conductor  is  pro- 
portional to  the  fell  of  potential  which  takes  place  along  it.    Now, 
^  total  fall  of  potential  along  the  two  branches  (fig.  82)  is  equal 
in  amount,  and  the  potential  at  e  is  equal  to  that  at/;  and  the  fall 
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along  a  is  equal  to  the  fall  along  b^  and  also  the  fall  taking  place 
along  c  is  equal  to  that  along  d.  Therefore,  the  value  of  the  re- 
sistance a  bears  to  that  of  c  the  same  ratio  as  does  b  to  d^  that  is 

a\  c  ::  b  :  df 
or  a  :  b  ::  c  :  d. 

If  one  of  these  resistances,  say  c,  were  unknown,  and  the 

other  three  known,  we  could  readily  determine  the  value  of  ^  for 

ad 
.  =  _. 

This  is,  in  fact,  the  method  by  which  resistance  is  measured 
with  the  Wheatstone  bridge. 

We  have  four  resistances,  p  q  r  s,  one  of  which,  say  P,  is 
unknown  and  the  others  known,  and  join  them  up  as  in  fig.  Z^ 

The  junctions  at  a  and  6  aie 
maintained  at  different  potot- 
tials  by  means  of  a  suitable 
battery,  while  to  the  othff 
A  junctions,  c  and  d,  a  gahras- 
ometer  is  connected.  Tbe 
known  resistances  are  then 
varied  and  adjusted,  until  te 
absence  of  a  current  throu^ 
the  galvanometer  proves  c,  the 
junction  of  p  and  q,  to  be  at: 
the  same  potential  as  d  the  junction  of  r  and  s.  ' 

The  value  of  p  can  then  be  calculated,  as  above,  the  simplet 
case  being  when  Q  =  s,  for  then  p  =  r.  Two  keys,  k  and  k*,  sat 
provided  for  the  purpose  of  disconnecting  the  battery  and  galiano- 
meter  circuits  respectively. 

There  are  various  ways  of  performing  the  necessary  adjustment 
of  the  known  resistances. 

In  the  case  shown  in  fig.  82  we  found  the  point  of  equilibriiOB 
by  shifting  one  of  the  wires  connected  to  the  gah^nometer  aknf 
A  b  d  B,  thus  varying  the  ratio  of  the  resistances  b  and  ^;  and  1^ 
very  good  form  of  bridge  for  measuring  low  resistances  may  bCi 
constructed  upon  this  principle. 

Three  brass  or  copper  strips,  so  stout  as  to  have  practically  d» 
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resistance,  are  fixed  on  to  a  mahogany  board,  as  in  fig.  84. 
Between  the  ends  of  two  of  these  strips  a  wire,  a  b,  is  stretched. 
It  is  convenient  to  have  this  wire  one  metre  in  length,  with  a  scale 
placed  under  it,  divided  into  a  thousand  parts.  There  are  three 
terminal  screws  on  the  middle  strip,  and  two  on  each  of  the 
others.  The  unknown  resistance,  r,  is  connected  to  the  two 
adjacent  ends  of  the  middle  and  right-hand  strips,  while  a  known 
resistance,  ^,  is  joined  to  the  adjacent  ends  of  the  other  two.  A 
battery  is  joined  up  to  the  outside  strips,  and  a  current  can  thus 
be  sent  through  the  branch  a  and  Cy  and  the  branch  b  and  d^  in 
parafleL  One  end  of  the  galvanometer  coil  is  joined  to  the  ter- 
minal screw  at  the  junction  of  a  and  Cy  where  the  potential  will 

Fig.  84. 


bve  fallen  to  a  certain  amount.  The  other  is  connected  to  a 
iider  which  passes  along  over  the  wire  b  d^  and  which,  when 
(Hressed  down,  makes  contact  with  the  wire,  and  allows  the  exact 
|K)int  at  which  contact  is  made  to  be  read  on  the  metre  scale.  As 
previously  explained,  a  point,  /  is  sought  for,  at  which,  contact 
being  made,  no  current  flows  through  the  galvanometer.    Then 

:=  -  xa.    It  is  clear  from  this  equation  that  -  is  merely  a  ratio, 
0  b 

ind  need  not  be  known  in  ohms.     If  the  wire  a  b  is  of  uniform 

lesistance  throughout,  it  is  sufficient  to  know  the  length  in  milli- 

jaetres  of  ^,  and  the  length  in  millimetres  of  d ;  but  the  resistance 

a  a  must  be  known  in  ohms.    Supposing  a  were  2*5  ohms,  and 

t  balance  to  be  obtained  with  the  slider  at  a  point  440  millimetres 

from  A  ;  then  b  =  440,  and  d  =  560.      Therefore  c  =  5-£  x  2-«; 

440 
»3*i8  ohms. 

L  2 
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The  stretched  wire  must  be  of  considerable  r 
to  make  the  fall  of  potential  per  unit  of  length  appreciable,  and  ii 
should  be  of  some  hard  durable  metal,  otherwise  it  would  becoDM 
worn  by  the  slider  and  its  uniformity  of  resistance  destroyed,  Fm 
these  reasons  the  wire  should  be  made  of  German  silver,  platinuui 
silver,  or  platinoid.  A  key  should  be  inserted  in  the  battery 
circuit,  to  prevent  the  current  being  kept  on  longer  than  necessary, 
and  heating  the  wires.  Extra  resistance  in  the  galvanomfflei  or 
battery  circuits  introduces  no  error,  merely  reducti^  the  sensitive- 
ness of  the  arrangement.  But  it  is  important  to  secure  good  cleac 
connections  in  the  other  branches,  as  any  resistance  introduced 
there  might  cause  a  great  error  in  the  resulL  To  obtain  the  best 
results  the  resistance  of  the  battery  should  be  low  and  its  E.11.F. 
high  ;  the  resistances  in  the  arms  of  the  bridge  should  not  difa 
Pij.  g  very  greatly,  and  the 

galvanometer  must,  of 
course,  be  sufficientiy 
delicate  to  indiat^ 
the  difference  trf  po- 
tential caused  by  mot- 
ing  the  slider  througii 
the  shortest  measur- 
able distance.  Buttbe 
length  of  the  wire  on 
the  galvanometer  mu3 
not  be  indefinitely  in- 
creased to  attain  this 
result,  otherwise  the 
)  added  reduces  the  current  in  a  greater  projxwtioii 
than  the  deflective  effect  is  increased. 

There  is,  in  fact,  for  every  separate  test,  a  certain  resistance 
which  it  would  be  best  to  give  the  galvanometer.  In  practice, 
however,  we  can  do  no  more  than  wind  the  galvanometer  in  sudi 
a  manner  as  will  make  it  best  suited  to  the  average  conditi<»)i 
under  which  it  will  be  employed.  For  an  ordinary  slide-wire 
bridge  the  galvanometer  resistance  should  not  greatly  exceed  one 
ohm. 

The  slide-wire  bridge  answers  well  in  a  laboratory,  and  is 


CHAP.   V. 


Wheatstone  Bridge 


149 


Fig.  86. 


exceedingly  valuable  for  measuring  low  resistances.  A  more  prac- 
tical form  of  the  Wheatstone  bridge  and  one  which  is  very  largely 
used  for  general  work  is  shown  in  fig.  85,  and  its  connections  in 
fig.  86. 

There  is  no  exposed  stretched  wire  here,  but  all  the  resistances 
are  placed  in  a  mahogany  box  with  an  ebonite  top,  their  ends 
being  connected  to  brass  blocks  fitted  with  plugs  as  in  the  case  of 
any  ordinary  resistance-box.     These  resistance  coils  are  measured 
with  extreme  care,  and  the  value  of  each  in  ohms  is  marked  (often 
indistinctly,   by    the    way) 
upon  the  ebonite.    Double 
terminal    screws    are    em- 
ployed   to    avoid    risk   of 
resistance  being  introduced 
by  the  careless  connection  . 
of  two  wires  on  to  one  ter-  / 
minal.   In  the  general  view  I 
it  wiU  be  seen  that  there 
are  two  keys,  each,  when 
depressed,  making  contact 
with  a  metal  stud;  these 
keys  are  marked  a'  b'  in 
fig.  86.    A  terminal  screw 
is  connected  to  each  key, 
and  to  the  right-hand  one 
is  joined  the  zinc  pole  of  the  testing  battery.     The  stud  under 
this  key  is  connected  beneath  the  ebonite  cover  to  the  brass  block 
B  in  the  middle  of  the  bsCck  row  of  resistances,  so  that  the  zinc 
pole  of  the  battery  is  joined  to  this  block  when  the  right-hand 
key  is  depressed.     It  is  at  this  point  then,  corresponding  to  b,  the 
junction  of  q  and  s  in  fig.  83,  that  the  current  divides,   and 
on  either  side  are  three  coils  of  10,  100,  and  1,000  ohms  respec- 
tively, any  or  all  of  which  can  be  inserted  at  pleasure.    At  each 
end  of  this  row  of  coils  is  a  terminal  screw,  and  the  galvano- 
meter is  joined  up  to  these  points.     But,  as  we  have  seen,  it 
is  necessary  to  have  a  key  in  the  galvanometer  circuit,  and  i 
is  very  convenient  to  place  both  keys  close  together,  as  shown. 
One  wire  from  the  galvanometer  is  therefore  brought  to  terminal 


ISO  Electrical  Engineering  ciap.t, 

a' — that  is,  to  the  left-hand  key — and  the  stud  under  this  key  is 
connected  to  terminal  a,  as  shown  by  the  dotted  line.   There- 
fore, when  a'  is  depressed,   this  side  of  the  galvanometer  is 
joined  to  terminal  a.     The  other  side  of  the  galvanometer  goes 
direct  to  terminal  c.    The  two  *arms '  of  the  bridge,  BAandBC, 
correspond  to  s  and  q  in  fig.  83,  and  the  arm  marked  r  in  that 
figure  here  consists  of  a  number  of  coils,  ranging  from  i  ohm  to 
4,000  ohms,  placed  between  the  terminals  d  and  £.    We  have 
thus  three  arms  of  the  bridge  of  known  values,  and  the  fourth,  or 
unknown  resistance,  x^  is  placed  between  terminals  c  and  e.  The 
copper  pole  of  the  battery  is  brought  direct  to  terminal  e,  whidi 
corresponds  to  the  junction  of  p  and  -r  in  fig.  2i^.    Between  the 
arms  b  a  and  d  e — that  is,  between  the  terminals  b  and  d— is  a 
space  marked  *  infinity.'    There  is  no  coil  connected  to  the  tio 
blocks  at  this  point,  so  that  the  resistance  is  infinite,  that  is,  the 
circuit  is  disconnected  when  the  plug  is  removed.     This  a^^ang^ 
ment  is  exceedingly  useful,  for  it  is  possible  to  increase  the  tan^ 
of  measurement  considerably,  by  removing  the  plug  and  inserting 
an  extra  box  of  coils  in  the  circuit  here  ;  and  further,  it  is  ofta 
convenient,  in  some  tests,  to  be  able  to  separate  the  coils  into  t« 
independent  sets.    There  is  a  second  *  infinity  plug '  between  tk 
10  and  20  ohm  coils,  and  when  using  the  apparatus  simply  asi 
set  of  resistance  coils  these  plugs  may  be  used  as  keys  for  dis* 
connecting  or  joining  up  the  circuit. 

Now,  suppose  the  bridge  to  be  properly  joined  up,  with  aft 
unknown  resistance  jc,  the  value  of  which  it  is  desired  to  Mr 
between  c  and  e. 

It  is  clear  that  a  and  c  are  the  points  which  we  want,  bf  «^ 
justing  the  various  resistances,  to  bring  to  the  same  potential,  and 
the  galvanometer  is  connected  to  these  points  so  as  to  indicate 
when  this  result  is  attained  We  begin  by  inserting  some  resi^ 
ance  in  the  arms  ba  and  bc,  say  100  ohms  in  each.  Tbae 
resistances  are  not  again  altered  during  the  measurement,  but  tte 
adjustment  is  made  by  varying  the  amount  of  resistance  in  tl« 
arm  d  e  until  the  galvanometer  shows  that  a  balance  has  been 
obtained.  When  this  happens  the  value  of  the  unknown  resi^' 
ance,  jc,  is  equal  to  the  amount  which  has  been  inserted  in  tbe 
arm  d  e.     Much  time  may  be  saved  and  greater  accuracy  ensuito 
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by  taking  a  test  methodically,  and  the  following  points  should  be 
attended  to.  Before  starting  it  should  be  ascertained  that  the 
plugs  are  firmly  in  their  places  and  that  all  the  connections  at  the 
terminals  are  good,  and  to  ensure  this  it  is  advisable  to  take 
advantage  of  the  double  terminals  provided,  and  place  only  one 
wire  on  each  screw.  The  galvanometer  having  been  placed  in  a 
position  convenient  for  the  experimenter,  some  coils  in  each  of 
the  three  arms  must  be  put  into  circuit,  the  amount  in  the  arms 
D£  being  made  as  near  the  unknown  resistance  as  can  be  guessed. 
The  right-hand  key  should  be  depressed  and  then,  a  moment 
afterwards,  the  left-hand  key,  and  the  galvanometer  observed ; 
probably  the  latter  will  indicate  the  passage  of  a  cunent,  and  it 
should  always  be  found  which  way  the  needle  moves  when  the  resist- 
ance in  the  arm  d  e  is,  say,  too  high.  If  that  is  done,  one  can  see, 
immediately  the  needle  moves,  whether  it  is  necessary  to  increase 
or  reduce  the  resistance  in  d  e  in  order  to  get  a  balance.  This  is 
much  quicker  than  obtaining  the  balance  at  random.  The  gal- 
vanometer key  must  only  be  lightly  tapped  so  as  to  just  indicate 
in  which  direction  the  resistance  must  be  varied,  until  a  balance 
is  nearly  obtained,  when  it  may  be  held  down  for  a  longer 
period.  This  prevents  a  heavy  current  being  passed  through  the 
galvanometer ;  and  the  student  will  hardly  require  warning  that  if 
Uie  battery  is  kept  on  too  long  the  coils  will  become  more  or  less 
heated  and  their  resistance  varied.  It  should  also  be  borne  in 
mind  that  with  a  very  delicately  made  instrument  a  suddenly 
applied  heavy  current  is  likely  to  injure  the  needle  or  the  pivot. 

We  considered  above  the  simple  case  when  the  resistances  of 
the  arms  b  a,  b  c  were  equal,  but  the  bridge  is  not  always  used 
under  these  conditions. 

I^  for  instance,  the  unknown  resistance  is  comparatively  low 
and  we  desire  to  measure  it  to  within  a  fraction  of  an  ohm,  it  is 
then  necessary  to  have  these  arms  of  unequal  resistance;  we 
should,  in  fact,  make  b  a  100  ohms  and  b  c  10  ohms.  Then,  if  a 
balance  were  obtained  with  13  ohms  in  d  e,  a:  would  be  equal  to 
1*3  ohms.     For,  by  the  principle  of  the  bridge, 

Bc  X  DE       10  X  i^ 
X  = =  ^  =  1-3. 

BA  100 
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And  by  using  1,000  ohms  in  b  a  and  10  in  bc,  measurements  io 
within  -j-Jtt  of  an  ohm  might  be  made. 

When  the  unknown  resistance  is  very  high,  then  the  ratio  moft 
be  reversed,  taking,  say,  lo*  in  ba,  and  i,ooo«  in  bc.  IfJ  now,a 
balance  is  obtained  with  1,309  ohms  in  d  e,  then 

1000  u 

jc  =  X  1309  =  130900  ohms. 

When  using  this  ratio  it  is  not  always  possible  to  obtain  a 
perfect  balance  and  so  determine  the  unknown  resistance  encdy; 
because  the  lowest  unit  in  the  arm  d  e  is  i  ohm,  and  this  is 
equivalent  to  100  ohms  in  the  unknown  resistance.  For  instance, 
if  in  the  last  test  the  unknown  resistance  were  130,925  ohms,  it 
would  be  necessary  to  increase  the  resistance  in  d  e  by  a  quarter 
of  an  ohm  in  order  to  get  a  perfect  balance,  and  this  fiactioDii 
not  at  our  disposal  A  supplementary  set  of  resistances  haTiaj 
fractional  values  may  be  inserted  between  the  terminals  a  and  ^ 
provided  that  the  arrangement  is  sufficiently  sensitive  for  the 
galvanometer  to  respond  to  the  change  produced  by  these  fractkw 
of  an  ohm  ;  but  for  general  work  it  is  sufficient  to  know  the  ^ 
of  a  very  high  resistance  to  within  10  or  20  ohms,  and  this  cai 
always  be  estimated  by  observing  the  movements  of  the  nceJe 
when  the  resistance  in  d  e  is  less  than  i  ohm  too  high  and  I* 
than  I  ohm  too  low. 

It  may  be  remarked  that  the  efficiency  of  the  Wbeaistoae 
bridge  is  reduced  by  the  injudicious  choice  of  a  batteiy,  o* 
frequently  than  by  any  other  cause. 

The  point  to  be  borne  in  mind  is,  that  a  considerable  M« 
potential  is  necessary  along  the  arms  of  the  bridge,  that  is,  betw* 
the  points  a  and  b  in  fig.  82.  The  greater  the  difference  i 
potential  between  these  points,  the  greater  will  be  the  effect  on  li* 
galvanometer  needle  for  a  given  change  in  any  of  the  resistance 
and  therefore  the  higher  the  degree  of  accuracy  to  which  wc  tii 
measure.  Now,  suppose  the  bridge  to  be  of  the  slide-wire  fa* 
and  the  resistance  of  the  arms  between  a  and  b  to  be  s  oh* 
If  we  employ  a  battery  of  10  Daniell  cells,  having  a  resistance « 
5  ohms  per  cell,  the  potential  difference  between  a  and  BwiDh 
considerably  less  than  three-quarters  of  a  volt,  all  the  rest  of  ^ 
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faD  taking  place  inside  the  battery.    A  single  Grove  cell,  having  a 
resistance  of  •2*    could  maintain  about  i'8  volts  under  similar 
conditions,   although  its  e.m.f.  is  only  one-fifth  of  that  of  the 
Daniel]  battery.     This  clearly   shows  the  evil  effect  of  resist- 
ance in  the  battery,  and  it  is  evident  that  when  the  resistances 
in  the  bridge  are   low,   the  battery  employed,  while  having  a 
sufficiently  high  E.M.F.,  must  have  a  very  low  internal  resistance. 
When,  however,  the  resistances  are  high,  resistance  in  the  battery 
circuit  is  not  so  harmful  ^as  the  fall  of  potential  in  any  part  of  a 
circuit  is  directly  proportional  to  the  resistance  of  that  part),  and 
a  battery  of   Daniell  cells  may  be  employed.     The  e.m.f.  of 
the  battery    is  often  kept  unnecessarily  low  to  avoid  a  strong 
cunent  heating  the  coils ;  there  is,  of  course,  a  limit,  but  by  a 
skilful  manipulation  of  the  keys  provided,  the  time  during  which 
the  current  need  be  kept  on  is  so  very  short  that  the  heating  is  in- 
appreciable.    We  have  remarked  that  it  is  better  to  depress  the 
battery  key  first,  and  allow  the  current  to  become  steady  before 
tapping  the   left-hand  key  and  throwing  the  galvanometer  in 
circuit.     A  very  short  time  is  sufficient  for  this,  but  extra  care 
should  be  taken  that  it  is  done  when  the  unknown  resistance  is  an 
electro-magnet,  or  any  coil  which  is  liable  to  the  phenomenon  of 
*  self-induction '  (see  Chapter  VII.),  or  when  it  has  any  *  electrostatic 
capacity,'  >  as  in  the  case  of  a  telegraph  line  or  cable,  otherwise 
the  needle  will  move  violently,  although  the  actual  resistance  may 
^  truly  balanced.     To  enable  the  student  to  understand  how  the 
nature  of  the  resistance  can  cause  the  potential  at  any  two  points 
to  be  widely  different  when  the  current  is  starting  or  stopping,  and 
yet  equal  when  it  is  steady,  we  may  employ  an  analogy.     Suppose 
^e  have  two  equal  iron  water-pipes  joined  up  as  in  fig.  82,  with 
^Bae  piece  of  apparatus  to  indicate  a  difference  or  equality  of 
pressure,  in  the  place  of  the  galvanometer,  the  points  ^  and /being 
It  equal  distances  from  a  or  b.    Then,  the  pipes  being  equal  in  all 
'aspects,  the  pressure  at  e  and  /  will  always  be  equal,  no  matter 
how  the  difference  of  pressure  at  a  and  b  may  be  varied.     If, 
oow,  one  branch,  a/b,  is  replaced  by  a  very  flexible  india-rubber 

^  The  scope  of  this  work  will  not  permit  us  to  deal  with  this  branch  of  the 
Abject ;  '  electrostatic  induction '  has  seldom  to  be  contended  with  by  the  electric- 
%ht  engineer. 
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pipe  of  similar  dimensions,  this  no  longer  holds  good.  Suppose 
the  pipes  to  be  empty  and  then  water  at  a  high  pressure  to  be 
forced  in  at  a  ;  the  pressure  at  e  will  rise  quicker  than  at/becanse 
the  flexible  pipe  expands,  and  this  occupies  a  short  time  \\liea 
the  expansion  has  reached  its  limit  the  pressures  at  ^  and/ aie 
equal,  but  on  suddenly  stopping  the  flow  at  a,  the  pressure  at  / 
becomes  higher  than  at  e  for  a  brief  moment  owing  to  the  coo- 
traction  of  the  pipe. 

Somewhat  similarly,  as  we  shall  see  later  on,  a  current  of 
electricity  can  never  rise  to  its  full  value,  or  die  away  instanta- 
neously ;  for  this  reason,  the  coils  of  the  bridge/  are  so  wound 
that  in  them  the  rise  or  fall  is  very  rapid,  and  when  the  unknovn 
resistance  is  such  that  the  rise  or  fall  takes  place  at  a  diffetes: 
rate,  the  current  must  be  allowed  to  become  steady  before  Ae 
second  key  is  closed. 

The  peculiar  method  of  winding  the  bridge  coils  is  also  useH 
in  preventing  any  direct  action,  which  might  be  caused  by  the 
current  circulating  in  them,  being  produced  upon  the  galniK^ 
meter  needle.  When  an  electro-magnet  is  being  measured,  the 
galvanometer  must  be  placed  far  enough  away  to  avoid  its  beiag 
affected  when  the  current  is  passed  through  the  electro-magnet 
When  there  is  any  reason  to  suppose  that  some  such  effect  as  tbif 
exists,  the  battery  key  should  be  closed  and  opened  several  timc^ 
the  galvanometer  key  being  left  open  and  the  needle  watched.  If 
it  moves  at  all,  we  have  proof  positive  that  some  portion  of  tbe 
apparatus  is  producing  a  disturbing  effect  upon  the  galvanometer. 

We  will  describe  one  other  test,  known  as  the  *  Loop  teA* 
which  is  rather  interesting,  and  may  prove  useful  to  an  dectrx- 
light  engineer. 

When  both  ends  of  the  unknown  resistance  are  not  eas3f 
accessible,  it  may  be  measured  by  joining  one  end  to  the  Vsctfissi 
C  and  connecting  the  distant  end  to  earth.  The  terminal  e- 
that  is,  the  junction  of  the  arm  d  e — and  the  copper  pole  of  tht 
battery  are  also  put  to  earth,  and  then  the  test  can  be  made  in  the 
usual  manner,  because  the  two  earth-connected  points  are  at  tbe 
same  potential,  and  behave  in  precisely  the  same  way  that  they 
would  if  they  were  joined  to  a  common  terminal.  A  leab^ 
sometimes  occurs  in  a  covered  wire  or  cable,  which  allows  mot 
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IT  less  of  the  current  to  escape  to  earth,  provided  some  other 
point  of  the  system  is  also  earthed.  It  is  necessary  to  determine 
iie  distance  of  such  a  '  fault/  or  point  of  leakage,  and  it  might 
easily  be  done  by  disconnecting  the  line  beyond  it,  and  then, 
treating  the  fault  as  an  earth,  measuring  the  resistance  of  the 
wire  up  to  this  earth  as  described  above. 

It  rarely  happens,  however,  that  any  fault  develops  which  does 
not  offer  considerable  resistance  to  the  passage  of  the  current  to 
eaith,  and  as  the  amount  of  this  resistance  is  never  known  it 
cannot  be  allowed  for.  Further,  the  resistance  frequently  varies 
90  rapidly  that  it  is  not  possible  to  obtain  a  balance  at  all,  and 
some  different  arrangement  of  the  bridge  is  necessary.  We  have 
seen  that  in  the  battery  circuit  extra  resistance,  and  even  variable 
resistance,  causes  no  error  in  the  result,  although  it  reduces  the 
sensitiveness  of  the  bridge ;  and  if  this  variable  earth  fault  can  be 
placed  in  the  battery  circuit,  we  can  ignore  its  resistance  altogether. 
This  can  readily  be  done  if  both  ends  of  the  wire  are  accessible ;  if 
not,  it  is  necessary  to  have  a  second  or  return  wire,  and  connect 
the  distant  ends  of  the  two  together.  This  arrangement  is  shown 
in  iig.  87.  The  copper 
pole  of  the  battery  is 
put  to  earth,  the  zinc 
pole  being  always 
joined  to  line  in  fault- 
testing,  as  the  current 
in  that  direction  — 
usually  by  an  electro- 
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lytic  effect — decreases  the  resistance  of  the  fault,  e  b  is  the 
faulty  wire,  the  fault  being  shown  at  /  c  b  is  the  sound  wire  by 
means  of  which  we  reach  the  other  end  of  the  faulty  wire,  the  two 
being  looped  together  at  b.  The  good  wire  is  joined  to  terminal 
c,  and  the  faulty  one  to  e.  On  depressing  the  battery  key  the 
current  flows  through  the  bridge  and  the  lines,  finding  earth  at 
the  fault,  and  a  balance  can  be  obtained  in  the  usual  way.  Let 
R  be  the  resistance  inserted  in  a  e,  and  let  x  represent  the  un- 
known resistance  of  the  faulty  wire  from  e  to  the  fault  at/  Then 
the  total  resistance  of  this  arm  of  the  bridge  is  R-f  :v.  The  other 
8nn  consists  of  the  sound  wire,  c  b,  and  that  portion  of  the  faulty 
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wire  from  b  to  /  Let  the  total  resistance  of  this  arm  be  called;. 
Let  a  be  the  resistance  in  b  c,  and  b  that  in  b  a,  then 

a  \ y  \\  b  \  R+:c, 
that  is,  j;  =  ?x(r+a) (\\ 

0 

We  have  here  two  unknown  quantities,  x  and  y^  and  must 
therefore  get  a  second  simple  equation  in  order  to  elinunate  one 
of  them.  It  is  clear  that  the  total  resistance  of  the  two  lines  is 
x-\'y^  and  usually  this  is  known ;  if  not,  it  can  be  measured  bf 
joining  up  the  bridge  in  the  ordinary  way  (that  is,  connecting  the 
copper  pole  of  the  battery  to  terminal  e),  and  measuring  tbe 
resistance  of  the  loop  as  if  no  fault  existed ;  for  there  will  then  be 
no  leakage  at  the  fault,  as  no  other  part  of  the  system  is  earthed. 
Suppose  the  resistance  thus  found  to  be  l  ohms,  then 

therefore  ^  =:  l— at (2). 

Therefore,  from  equation  (1), 

-  X  (r+jt)  =  L— a:; 
b 

*u        r  b  L  — <Z  R 

therefore  x  = -—» 

a^b 

If  we  make  a^s^b^  as  is  frequently  done  in  this  test,  then, 
evidently, 

and  jc  =     -     : 

2 

or,  we  simply  subtract  the  resistance  in  a  e  from  that  of  the  t«o 
lines,  and,  dividing  by  2,  obtain  the  value  of  x. 

Now,  X  is  the  resistance  in  ohms  from  £  to  the  &ult ;  the 
length  of  the  wire  e  b  is  known,  and  therefore  its  resistance  per 
mile,  or  any  other  unit  of  length,  is  known.  Thus  we  can  at  ooce 
ascertain  the  distance  of  the  fault  in  miles  or  yards  by  dividing  x 
by  the  resistance  per  mile  or  per  yard. 

The  galvanometer  used  with  the  fomi  of  bridge  above  described 
has  a  resistance  of  800  ohms ;  it  is  shown  in  fig.  88,  and  is  a  veiy 
good  instrument — portable,  yet  capable  of  giving  evidence  of  a 
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very  small  potential  difference.  When  joined  up  in  circuit  with  a 
resistance  of  20,000  ohms,  and  a  single  Daniel!  cell  (the  current 
then  being  about  one  twenty-thousandth  of  an  ampere),  it  will 
g^v-e  a  deflection  of  15°, 

The  coil  consists  of  many  turns  of  fine  silk-covered  wire, 
wound  on  a  single  brass  bobbin.  The  needle,  which  is  pivoted, 
lies  exactly  in  the  centre  of  the  coil,  and  is  quite  covered  by  it. 
At  right  angles  to  the  needle  is  fixed  a  pointer,  which  projects 
&om   the   coil,   and,  p,q  ^ 

passing  over  a  scale 
ai^  a  strip  of  look- 
ing -  glass,  indicates 
the  slightest  move- 
ment of  the  needle. 
A  lever  is  provided  1 
for  lifting  the  needle 
firom  its  pivot  when 
not  in  use,  and  each 
end  of  the  coil  is  con- 
nected to  a  terminal 
which  is  insulated 
from  the  brass  casing  by  ebonite.  The  features  in  the  design  of 
the  instrument  which  enable  it  to  respond  to  very  feeble  currents 
are  the  great  length  of  wire  employed,  the  nearness  of  this  wire  to 
the  needle,  and  the  excellent  pivoting  of  the  needle,  which  allows 
it  to  move  easily. 

Another  form  of  Wheatstone  bridge  is  shown  in  fig.  8g.  This 
has  a  very  great  range,  and  some  of  its  coils  are  joined  up  dif- 
ferently to  those  in  the  apparatus  last  described. 

The  two  '  ratio  arms '  each  consist  of  five  coils,  of  i,  10,  100, 
1,000,  and  10,000  ohms  resistance,  and  are  connected  up  in  the 
usual  manner.  The  arm  which  is  varied  in  balancing  is  divided 
into  four  sets  of  coils,  each  set  consisting  of  nine  equal  coils.  The 
resistance  of  each  coil  in  the  first  set  is  i",  in  the  second  10",  in 
the  third  100",  and  in  the  fourth  1,000".  Sometimes  a  fifth  set 
of '!"  each  is  added.  In  the  figure  will  be  seen  10  brass  blocks 
surrounding  a  circular  central  one,  with  which  they  can  be 
separately  connected  by  a  plug.     The  block  partly  hidden  by  the 
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plug  is  numbered  o,  and  this  block  is  connected  to  the  cenireofj 
the  next  dial.  Between  each  of  these  numbered  blocks  {eictpj; 
and  o)  one  of  the  equal  resistance  coils  is  placed,  and  by  mem 
of  the  plug  any  number  of  them  can  be  brought  into  circuit  Fii 
instance,  if  the  block  numbered  5  is  so  joined  to  the  centre  pktt, 
the  current  passes  from  the  plate  by  means  of  the  plug,  and  throo^ 
five  of  the  coils  round  to  the  block  number  o,  which  is  joined  to 
the  next  centre  plate,  or,  in  the  case  of  the  last  dial,  to  a  tamiiBl 
screw.  Some  tests  can  be  very  quickly  made  with  this  fonn  rf 
bridge,  and  the  result  seen  at  a  glance.  Of  course,  the  circuit « 
disconnected  in  the  variable  arm  every  time  a  plug  is  shiftai,i 
only  one  plug  is  used  for  each  dial. 


One  of  the  most  important  uses  to  which  the  instrument  a 
methods  described  in  this  chapter  can  be  applied,  is  thai  tf 
determining  the  '  insulation  resistance '  of  an  electrical  ciRTiii- 
which  is  accomplished  by  entirely  disconnecting  the  remote  enA 
of  the  conductors,  and  then  measuring  the  resistance  offered  If^ 
the  insulating  material  to  the  leakage  of  a  current  from  one  con- 
ductor to  another,  or  to  earth.  Should  this  resistance  fall  ha'o* 
a  certain  prearranged  standard,  evidence  will  be  afforded  of  i^f 
existence  of  a  fault  which  requires  to  be  localised  and  ren;!'''"' 
forthwith.  The  insulation  of  the  conductors  having  been  proveii 
the  switches  and  other  fittings  may  then  be  joined  up,  whaii 
second  careful  test  should  be  made,  which  in  most  cases  <A, 
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pcveal  the  fact  that  the  insulation  resistance  has  fallen  consider- 
ibly,  often  as  much  as  50  per  cent.,  due  mainly  to  surface 
leakage.  By  testing  the  insulation  resistance  of  the  conductors 
separately,  a  ready  means  is  afforded  of  determining  whether 
I  particular  fault  is  in  the  covering  of  the  wire,  or  in  the  fittings, 
ind  it  may  be  observed  that  a  certain  amount  of  leakage  at  the 
fittings  should  be  deemed  of  less  importance  than  an  equal  or 
even  a  smaller  leakage  in  the  conductor  covering ;  for  whereas 
in  the  former  case  it  is  mostly  due  to  moisture  and  therefore  not 
liable  to  any  serious  increase,  in  the  latter  case  it  indicates  a 
damaged  or  inferior  insulating  material,  a  fault  which  will  most 
assuredly  develop  under  the  continued  electrical  stress. 

In  electric  light  installations  very  heavy  currents  and  rather 
high  e.m.f's.  are  frequently  employed,  which  might  cause  serious 
damage  to  life  and  property  should  the  insulation  at  any  point  be 
allowed  to  fall  below  a  certain  standard  or  become  in  any  way 
faulty,  and  any  such   fault  would,   of  course,  also   impair  the 

Ecy  of  the  lighting,  to  say  nothing  of  the  energy  wasted, 
conditions  obtain  with  any  system  of  electrical  conductors 
tings  for  any  purpose  whatever,  and  it  is  necessary  that 
some  convenient  means  should  be  available  for  efficiently  testing 
the  whole  installation,   under   conditions   equally  trying  to  the 
Biaximum  stress  which  it  will  be  called  upon  to  sustain  in  practice, 
^specially  must  the  source  of  electrical  power  employed  for  the 
^t  be  able  to  develop  an  e.m.f.  at  least  equal  to  the  maximum 
ffltended  to  be  used,  otherwise  there  will  be  considerable  risk  that 
small  incipient  faults  will  not  be  shown  up  during  the  test,  and  will 
only  become  manifest  when  the  circuit  is  in  practical  use,  and 
when,  therefore,  the  greatest  inconvenience,  and  possibly  damage 
ate,  will  result. 

As  100  volts  is  the  lowest  e.m.f.  which  generally  obtains 
^  practice,  it  is  evident  that  the  employment  of  batteries  for 
testing  would  be  exceedingly  inconvenient,  so  much  so,  in  fact 
^t  an  efficient  test  is  frequently  shirked.  A  small  magneto 
^chine,  such  as  we  shall  describe  in  a  subsequent  chapter,  is  far 
'^ore  convenient  and  portable,  but  it  is  hardly  suitable  for  use 
*Jth  the  apparatus  ordinarily  constructed  for  the  measurement  of 
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resistance.  Within  the  last  few  months  an  instrument  has  been 
introduced  by  Messrs.  Goolden  which  answers  admirably,  and,  in 
bet,  is  designed  to  work  with  such  a  machine.  It  ts  called  an 
'  ohmmetei,'  from  the  fact  that  its  pointer  indicates  directly  the 
number  of  ohms  in  the  resistance  under  measurement.  In  prac- 
tice, however,  one  does  not  actually  require  to  find  the  eiaa 
resistance  of  an  installation  within  a  few  ohms  more  or  less.  It 
is,  indeed,  sufficient  if  the  apparatus  can  assure  us  whether,  under 
the  stress  produced  by  a  sufficiently  high  e.m.f.,  the  insulation  b 
above  or  below  the  standard,  which  we  may  here  suppose  to  be 
fixed  at  I  megohm  (a  million  ohms).  If  below  this  standard,  tiie 
circuit  should  be  tested  in 
sections  until  the  &u!t  is 
localised.  The  apparatus  Id 
question  can  prompriy  and 
decidedly  indicate  whether 
a  resistance  is  above  one 
megohm  or  below  it,  and 
supposing  it  to  be  above, 
of  course  the  installation  is 
passed  as  satisfactory.  A 
top  view  of  the  instrument 
is  given  in  fig.  go.  \Vlien 
the  small  switch  is  placed 
as  shown  on  the  contact  a, 
the  outer  scale  a  is  to  be 
used,  but  by  shifting  the 
switch  to  the  conuct  b,  a  coil  is  shunted,  thus  enabling  the  lower 
resistances  to  be'  measured  by  readings  on  the  inner  scale,  b. 
The  wires  from  the  source  of  e.m.f.  (the  magneto  machine)  are 
attached  to  the  terminals  marked  H-  and  — ,  while  wires  leading 
from  the  resistance  to  be  measured  are  attached  to  the  other 
terminals  marked  x . 

It  is  not  possible  to  measure  the  higher  resistances  with 
certainty  to  within  too  ohms  or  so,  but  this  is  immaterial,  as,  if  the 
insulation  is  below  the  standard,  it  matters  little  whether  it  is 
700,000  or  700,200  ohms. 

Kig.  91  is  a  view  of  the  interior  of  the  instrument  turned 
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opside  down,  the  working  parts  there  shown  being  placed  under 
die  ebonite  slab  on  which  the  switch  and  terminals  are  fixed. 

The  scale  plate  is  shown  in  fig.  90.     The  inner  of  the  two 

scales  is  niarked  in  di\-isions  of  1,000  ohms  from  ten  thousand  up 

to  infinity,  while  the  outer  reads  in  megohms  from  o-i  megohm 

toinlinity,  the  scale 

being   feirly    open 

op  to  5  megohms. 

In  the  construction 

rf  the  instrument 

tlwe  are  three  coils 

(diown  in  plan  in 

Sg-  92) ;    two     of 

*nn,    a   a,      are 

placed   with    their 

^es  parallel  and 

*re  joined  in  series,  while  the  third,  b,  is  placed  between  and 

with  its  plane  and  magnetic  axis  at  right  angles  to  those  of  the 

roils  a  a.    The  inner  coil,  i5,  is  shaped  so  as  to  allow  the  pointer 

to  tnvel  through  a  comparatively  wide  range.   The  figure,  which  is 

w**n  from  the  under  side,  also  shows  the  small  steel  needle  in 

its  zero  position.     This  needle  p,^  ^^ 

is  then  lying  in  the  centre  of  the 

■^1  6,  and  along  the  common 

"is  of  the  coils  a  a.     In  the 

ose  underneath  it  is  placed  a 

^niall  weak  bar  magnet  which 

adjusts  itself  so  as   always  to 

■Kuiralise   the    effect    of    the 

'anh's  magnetism,  and,  i 

quently,    the    only    magnetic 

'wes  acting  upon  the  needle 

are  those  due  to  the  currents 

*  ihe  coils.     A  current  pass- 

nig  through  the  coils  a  a,  which  are  of  high  resistance,  tends 

'^  Iteep  the  magnetic  needle  in  the  position  shown,  that  is,  at 

*0i  with  its  length  aloi^  the  common  axis  of  the  coils  a  a.    But 

,   "5  length  is  then  parallel  to  the  plane  of  the  coil  6,  and  any  current 


1 62 


Electrical  Engineering 


CHIP.^ 


passing  through  this  coil  will  deflect  the  needle  more  or  less,  i 
position  of  rest  depending  upon  the  relative  strength  of  the 
in  the  magnetising  coils  and  the  deflecting  coil.  Now  the 
a  a  are  connected  to  the  source  of  e,m.f.  only,  consequently  I 
current  in  them,  and  the  force  with  which  the  needle  is  urged  i 
the  zero  position,  is  directly  proportional  to  this  e.m.f.  Thecofll 
is  connected  to  the  same  source  of  e.m.f.  but  has  the  resistance! 
be  measured  joined  in  series  with  it  \  this  resistance  is  very 
and  the  current  through  b  which  tends  to  deflect  the  needle 
inversely  proportional  to  it.  The  deflection  of  the  needle 
indicated  by  the  pointer  is  proportional  to  the  e.m.f.  and 
versely  proportional  to  the  resistance  \  but  as  the  same  sooicci 
electro-motive  force  is  used  for  both  branches  of  the 
any  variation  affects  equally  the  deflecting  and  the 
currents,  and,  therefore,  the  deflection  of  the  needle  is 
inversely  proportional  to  the  resistance  to  be  measured,  that  ofl 
coil  b  being  small. 

When  the  resistance  is  infinite  no  current  flows  throo^i 
deflecting  coil  and  the  needle  remains  at  zero,  but  as 
sistance  is  lowered  the  deflection  of  the  needle  is  propoi 
increased,  and  it  becomes  a  simple  matter  to  calibrate  thei 
ment  so  that  the  pointer  shall  indicate  directly  the  value 
resistance  in  ohms  or  megohms.     The  ohmmeter,  and  the 
panying  magneto  machine  which  develops  an  e.m.f.  of  120 
are  enclosed  each  in  a  case  of  5  inches  cube,  affording  1] 
compact  set  for  testing  at  the  highest  working  pressure 
be  adopted  in  an  ordinary  installation. 
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CHAPTER  VI. 

MEASUREMENT  OF  ELECTRO- MOTIVE   FORCE. 

In  all  classes  of  electrical  work  it  is  important  to  be  able  to 
accurately  measure  potential  difference,  or  electro-motive  force, 
and  no  better  introduction  to  this  branch  of  the  subject  can  be 
obtained  than  that  furnished  by  the  study  of  the  methods  by 
which  the  electro-motive  force  of  batteries  can  be  compared.  By 
Ohm's  law  we  know  that  e  =  c  R,  where  r  is  the  total  resistance 
of  any  circuit  measured  in  ohms,  c  the  current  in  amperes  flowing 
through  it,  and  e  the  electro-motive  force  in  volts  which  maintains 
that  current.  So  that,  whenever  the  resistance  and  the  current 
strength  are  known,  the  e.m.f.  can  be  ascertained  by  multiplying 
these  two  quantities  together.  For  instance,  if  a  battery  having  a 
resistance  of  15  ohms  is  joined  up  to  send  a  current  through  a 
galvanometer  of  320  ohms  resistance,  with  a  rheostat  having  960 
ohms  unplugged,  also  in  circuit,  and  if  the  resulting  current  is 
found  to  be  8  milliamperes,  then  the  electro-motive  force  of  that 
battery  is  c  x  R  or  '008  x  1295  =  io'36  volts. 

The  measurement  of  current  strength  presents  but  little  diffi- 
culty, but  it  is  not  often  that  the  total  resistance  in  the  circuit  is 
accurately  known  without  measurement,  and  thus  two  tests  at 
least  are  rendered  necessary  in  order  to  ascertain  the  e.m.f.  In 
practice  it  is  usual  to  take  some  good  constant  cell  or  battery 
whose  EM.F.  is  known  exactly  and  compare  the  unknown  elec- 
tro-motive forces  with  that  of  this  *  Standard  *  cell  or  battery. 
As  the  accuracy  of  the  results  depends  upon  the  accuracy  of 
the  value  which  is  given  to  the  e.m.f.  of  this  standard,  and  upon 
its  constancy,  great  care  must  be  exercised  in  the  choice  and  use 
of  such  a  cell. 

The  best  cell  for  a  standard  is  that  devised  by  Latimer  Clark, 
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which  was  described  in  Chapter  III.     If  carefully  used  it  iffl 
remain  constant  for  years ;  but,  as  it  polarises  quickly,  it  should  not 
be  allowed  to  send  so  strong  a  current  as  even  i  milliampere,  and, 
if  possible,  should  only  be  used  in  those  tests,  to  be  presendf 
described,  in  which  the  batteries  are  tested  when  they  are  nd  I 
sending  any  current  at  all,  but  simply  maintaining  a  potentiai ; 
difference.      A  rather  serious  drawback  to  this  cell  is,  that  is  I 
E.M.F.  varies  with  a  change  of  temperature,  falling  as  the  tern-  i 
perature  rises  ;  and  although,  the  temperature  being  known,  the  | 
variation  of  e.m.f.  can  be  allowed  for,  such  calculations  arevay 
inconvenient  and  take  time.    Its  E.M.F.  at  15°  Centigrade  is  1*415 
volts. 

The  Daniell  cell  when  in  good  condition  does  not  polarisBi,, 
even  when  developing  a  strong  current,  and  it  has  the  furtber 
advantage  that  a  considerable  variation  of  temperature 
little  or  no  difference  in  its  e.m.f.  It  is,  therefore,  a 
standard  for  use  in  the  workshop,  and  any  form  of  D; 
cell  in  first-rate  order  may  be  employed,  especially  when 
tests  are  independent  of  the  battery  resistance.  But  it 
be  remembered  that  the  plates  should  be  bright  and  clean, 
supply  of  crystals  in  the  copper  cell  plentiful,  and  the  solutiofl 
the  zinc  cell  half  saturated.     The  e.m.f.  then  is  i"o79  ^^^ 

Since  the  current  which  a  battery  can  develop  is  proportii 
to  its  E.M.F.,  it  is  evident  that  the  km.f.  of  two  batteries  can 
compared  by   observing  the  currents  which  they  send  tl 
circuits  offering  equal  resistances.     The  Daniell  cell  shouJd 
used  as  the  standard  in  this  case,  and  if  it  gives  on  a 
galvanometer  25  divisions  deflection  through  a  total  resistance 
say,    1,000*    while  another  cell  or   battery  gives  62'5  diva 
through  the  same  resistance,  then 

25  :  62-5  ::  E  :  a:, 

where  e  is  the  e.m.f.  of  the  standard  cell,  and  x  that  of 
battery  under  measurement 

Therefore  x=^  — 5 ?Zz  =  27  volts  nearly. 

One  objection  to  this  method  is,  that  it  is  necessary  to 
the  resistance  of  the  batteries,  in  order  that  the  total 
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may  be  made  the  same  in  both  cases  ;  but  if  the  resistance  of  the 
external  circuit  is  comparatively  high,  then  the  resistance  of  the 
batteries  may  be  ignored. 

In  this  simple  method,  the  resistance  is  kept  constant,  while 
the  current  varies.  The  various  currents  are  then  measured  and 
the  relative  e.m.f.  deduced  therefrom. 

But  it  is  also  possible  to  compare  electro-motive  forces  by 
varying  the  resistance  and  keeping  the  current  constant,  in  which 
case  the  electro-motive  force  is  proportional  to  the  resistance  ;  for, 
the  higher  the  e.m.f.,  the  greater  is  the  resistance  through  which 
it  can  send  a  given  current  One  great  advantage  in  connection 
with  this  method  is,  that  any  kind  of  galvanometer  which  may 
be  available  can  be  employed,  because  the  same  deflection  is 
produced  in  every  case.  In  order,  therefore,  to  compare  the 
E.M.F.  of  any  battery  jc,  with  the  standard  cell  e,  we  should  join 
up  the  standard  cell  in  circuit  with  a  rheostat  and  galvanometer, 
varying  the  resistance  so  as  to  obtain  a  convenient  deflection  of,  say, 
45%  and  noting  carefully  the  total  resistance,  Ri,  in  circuit.  The 
battery  to  be  tested  should  next  be  joined  up,  and  the  resistance 
altered,  say,  to  Rj,  so  as  to  reproduce  the  deflection  of  45°. 

Then  :»: :  e  ::  Rj  :  Ri  or^  =  —2. 

In  this  test,  too,  the  resistances  of  the  standard  cell,  the  battery, 
and  the  galvanometer  must  be  known  and  taken  into  account 
unless  the  resistance  in  the  rheostat  is  comparatively  high,  when 
these  other  resistances  may  be  ignored. 

But  by  a  simple  extension  of  this  method,  it  is  possible  to 
obtain  an  accurate  result  without  knowing  either  of  these  three 
resistances.  The  process  consists  in  first  joining  up  the  standard 
cell,  E,  in  the  same  manner  as  in  the  previous  test,  and  then 
adjusting  the  rheostat  until  a  deflection  of,  say,  45°  is  obtained. 
The  resistance  should  then  be  increased  until  the  deflection  falls 
^  say,  35**,  noting  carefully  the  exact  number  of  ohms,  p,  by 
which  the  resistance  is  increased,  in  order  to  bring  about  the 
reduction  in  the  deflection.  The  battery,  whose  electro-motive 
force,  jc,  it  is  desired  to  measure,  must  now  be  substituted  for  the 
standard  cell,  and  the  resistance  again  adjusted  until  the  deflection 
of  45*=^  is  reproduced     This  resistance  should  then  be  increased 
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by,  say,  q  ohms  until  the  deflection  is  once  more  35°.    Then, 
shown  below, 

jf  :  E  ::  Q  :  p,  or  A  ==  E  -  volts. 

p 

To  take  an  example.  If  with  the  Daniell  cell  as  a  standixd 
the  insertion  of  720  ohms  reduces  the  deflection  10'',  that  is  to  saj^ 
from  45**  to  35°,  and  when  the  battery  is  substituted  it  is  founi 
necessary  to  add  2,300  ohms  to  reduce  the  deflection  through  the 
same  10°,  then 

X  =  1*079  X  —  ^^  =  3*446  volts  nearly. 

720 

This  is  a  very  good  method,  and  it  is  interesting  and  instinfrj 
tive  to  observe  how  the  battery  and  galvanometer  resistances; 
eliminated.     This  may  be  shown  by  Ohm's  law  as  follows  :— 

Let  G  be  the  resistance  of  the  galvanometer,  r,  the  ini 
resistance  of  the  standard  cell,  and  Rj  the  resistance  in  the 
Stat  when  the  needle  is  deflected  through  45**  by  the  current 
strength  is  indicated  by  Ci,  then 

c    =  ? 

^       Rj  4-  r,  +  G 

Also  let  rj  be  the  resistance  of  the  battery  whose  e.m.f.  is  tDl 
deduced,  and  Rj  the  resistance  in  the  rheostat  necessary  to 
duce  the  deflection  of  45**,  or  when  the  current  strength  can 
be  indicated  by  Cj,  then 

X 


c,  = 


therefore 


R2  +  ''a  +  G 

X 


Ri  +  r,  +  G        Rj  +  r,  +  G 
e(r2  +  ^a  +  g)  =  :r(R,  +  r,  +  g)  , 


\Vhen  the  resistances  R]  and  Ra  are  increased  by  p  and  Q 
lively  to  obtain  the  deflection  of  35°  which  will  correspond 
current  strength  which  can  be  called  Cj,  then 


toi 


Co  = 


Ri  +  r,  -h  g  -h  p       Rj  +  r^  +  g  4-  q' 
therefore      e(R2  +  rg  +  c)  +  eq  =  .r(Ri  +  r^  +  g)  +  arP. 
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Subtracting  equation  (i)  from  (2)  we  get 


therefore 


E  Q  =  ^  p, 

Q 

.r  =  E  - . 


To  ensure  accurate  results  it  is  essential  that  the  galvanometer 
for  this  test  should  be  sufficiently  sensitive  to  indicate  a  very  slight 
alteration  in  the  current  strength,  and,  if  possible,  the  resistances 
p  and  Q  should  be  as  high  as  or  even  higher  than  the  total  resist- 
ance in  the  circuit  prior  to  their  insertion. 

There  is  another  good  method  which  is  sometimes  very  con- 
venient because  it  is  not  necessary  to  know  or  ascertain  the  actual 
resistance  of  any  portion   of  the  apparatus,  whether  it  be  the 
galvanometer,  the  rheostat,  or  the  battery,  these  being  the  ap- 
pliances required  for  the  test     As  in  the  previous  tests,  we  may 
denote  the  e.m.f.  of  the  standard  cell  by  e,  and  that  of  the  battery 
to  be  measured  by  x.    The  standard  cell  e  and  battery  x  are 
joined  up  in  series,  so  that  they  assist  each  other  in  sending  a 
current  through  a  rheostat  or  set  of  resistance  coils,  r,  and  a 
tangent  galvanometer,  g  (fig.  93),  and  the  resistance  adjusted  until 
a  fairly  high  deflection,  say,  sixty- 
fi^e tangent  divisions,  is  obtained. 
Then,  on  reversing  the  standard 
cell  (supposing  it  to  be  of  lower 
E.M.F.  than    x)  so  that  the  two 
^M.F.'s,  x  and  e,  are  opposed  to 
each  other,  the  resulting  current 
will  manifestly  be  due  to  the  dif- 
itrtnce  between  the  two  e.m.f.'s, 
and,  as  the  total  resistance  re- 


FiG.  93. 


(t> 


^ 


1 


niains  unaltered,  the  current  and  the  deflection  produced  by  it 
^11  be  diminished,  say,  to  twenty-five  divisions.  Then,  denoting 
the  first  deflection  (sixty-five  divisions)  due  to  both  e.m.f. 's  by 
^j  and  the  second  deflection  (twenty-five  divisions),  due  to  the 
difference  between  the  two  e.m.f.'s  when  opposed,  by  d, 


or 


X  :"&  ::  D  +  d  :  D  '-'  d, 
D  +  rf 


.V  =  E 


D  —  / 


1 68  Electrical  Engineering  cHjf.ni 

Inserting  the  values  as  above,  we  get 

X  =  I '070  X  >^       ^^  =  2*428  volts  nearly. 

65-25 

The  object  of  reversing  the  battery  or  cell  of  lower  e.m.f.  is  to 
obtain  both  deflections  on  the  same  side  of  the  zero  point.  Wae 
the  battery  of  higher  e.m.f.  to  be  reversed,  it  would  cause  the 
needle  to  be  deflected  to  the  opposite  side  of  the  zero,  and  if  the 
pointer  happened  to  be  bent  it  would  cause  an  incorrect  cakn- 
lation. 

If,  when  joined  up  in  opposition,  no  deflection  is  obtained 
then  the  electro-motive  force  of  the  standard  cell  will  be  the  same 
as  that  of  the  battery  under  test,  or  e  =  j?.  The  only  objection  to 
the  method  is  that  in  the  first  case  the  weaker  battery,  whidik 
usually  the  standard  cell,  has  a  rather  strong  current  flowing: 
through  it  which  may  lower  its  E.M.F.,  while,  when  joined 
opposition,  the  current  is  passing  in  the  opposite  direction 
will  almost  certainly  cause  a  slight  increase  in  its  e.m.f.  In 
to  eliminate  as  much  as  possible  this  source  of  error,  it  is  ac 
to  introduce  a  *key'  or  contact-maker  to  open  and  dose 
circuit  at  will,  as  shown  in  fig.  93.  By  the  skilful  manipulatiofli 
this  key  the  needle  can  be  brought  to  rest  immediately  withe 
single  oscillation,  and  the  deflection  then  read  before  any  appi 
alteration  of  the  e.m.f.  can  take  place.  As  a  further  piecat 
the  resistance  in  circuit  should  be  made  as  high  as  possible  so  i 
to  reduce  the  strength  of  the  current.  By  such  means  the  ol 
tion  becomes  almost  entirely  obviated.  To  admit  of  hig^ 
ance  being  placed  in  the  circuit,  the  320-  coil  of  the  galvanoi 
should  be  used  unshunted,  and  the  magnet  placed  rather 
down  with  its  north  pole  pointing  northwards,  so  that  it  will  act  i 
opposition  to  the  earth's  magnetism. 

That  the  resistance  of  batteries  and  galvanometer  need  not! 
known  or  ascertained  is  evident  from  the  fact  that  they  form 
of  the  constant  total  resistance,  which  is  the  same  in  each  case 
which  does  not  enter  into  the  calculation.    This  may  be  sh( 
algebraically,  for  if  we  let  r  indicate  the  total  resistance  in 
(including  batteries  and  galvanometer),  C|  the  current  in  the 
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ase  giving   deflection  d,   and  Cj,   the  weaker  current,   giving 
leflection  d^  then 

c,  =  — 3_,  or  R  =  —^, 

R  C] 

and  c,  =  ^-^H?,  or  r  =  "^  ""  ^ 


R  Ca 

Therefore     = ,  or,  since  the  currents  are  proportional 

Ci  Cj 

to  the  deflections  in  tangent  divisions,  =  _ 

D  0 

Whence  dj:  — de  =  ^jc  H- ^e, 

:c(d  —  ^)  =  e(d  +  ^), 

D  +  ^ 


JC  =s  E 


D  —  ^' 


It  will  doubtless  be  remembered  that,  if  the  poles  of  a  battery 
are  joined  by  a  short  piece  of  thick  wire  having  practically  no  re- 
sistance, the  current  flowing  through  the  circuit  will  depend  simply 
upon  the  e.m.f.  of  the  battery  and  its  internal  resistance.  Now, 
the  thick  wire  coils  of  the  tangent  galvanometer  which  we  have 
described  are  of  very  low  resistance,  and  may  be  used  for  the 
measurement  of  the  current  which  a  battery  can  give  under  these 
conditions.  Thus,  supposing  a  battery  of  twenty  Daniell  cells, 
having  a  resistance  of  5  ohms  per  cell,  were  joined  up  to  send 
a  current  through  one  of  the  low  resistance  coils  of  the  tangent 

galvanometer,  the  current  flowing  would  be  ^^^  ^  ^79  _  '2158  of 

20x5 

an  ampere,  and  the  current  from  one  cell,  or  100  similar  cells,. 

should  be  the  same,  because  when  the  e.m.f.  is  increased  by 

increasing  the  number  of  cells,  the  internal  resistance — that  is,  the 

total  resistance  in  circuit — is  increased  in  the  same  proportion. 

A  galvanometer  with  a  very  low  resistance  coil  aflbrds,  therefore, 

a  means  of  rapidly  testing  the  condition  of  a  number  of  similar 

batteries,  for  the  deflection  of  the  needle  will  be  decreased  if  either 

the  internal  resistance  of  any  cell  is  above  or  the  e.m.f.  of  any 

cell  below  the  standard.     It  is,  then,  only  necessary  to  ascertain 

the  deflection  given  by  a  cell  or  a  battery  known  to  be  in  good 

condition,  and  adopt  this  as  the  standard.     Then  if  a  battery,  say. 
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of  ten  cells  gives  a  current  equal  to  that  of  the  standard « 
may  be  fairly  concluded  that  the  battery  is  in  good  condition, 
if  a  second  similar  battery  gives  a  deflection  of  seven  or 
degrees  less,  then  the  conclusion  is  that  there  is  something 
with  it  \  its  resistance  is  too  high  or  its  e.m.f.  too  low.   The 
may  be  quickly  decided  by  joining  up  the  faulty  battery  in 
sition  with  the  similar  battery  known  to  be  good — that  is  to  i 
joining  their  copper  or  positive  poles  together  and  their  anci 
negative  poles  to  the  galvanometer.     If  they  then  give  no 
tion,  we  know  that  their  electro-motive  forces  are  equal,  andl 
fault  is  proved  to  be  one  of  high  resistance.     If,  ontbe 
hand,  a  current  is  produced,  there  must  be  a  difference  in  e.i 
and  the  fact  that  the  suspected  battery  is  the  faulty  one  would 
demonstrated  if  the  direction  of  deflection  were  such  as  to 
that  the  other  is  urging  a  current  through  it 

But  galvanometers  with  short  thick  wire  coils  having  1 
few  convolutions  are  only  affected  by  very  powerful  cuirents,! 
are  only  used  where  it  is  essential  that  the  introduction  d\ 
instrument  into  any  circuit  should  have  no  appreciable  effect 
the  strength  of  the  current  flowing  through  it.     When  ttei 
striction  is  not  imposed  increased  accuracy  can  usually  be ( 
by  employing  a  more  delicate  instrument,  in  which  a  coil  ofi 
turns,  and  generally  of  fine  wire  offering  a  high  resistance,  is< 
ployed ;  because,  although  the  current  through  the  gali 
is  weakened  by  the  added  resistance,  the  effect  is  more 
balanced  by  the  increased  number  of  times  which  the 
travels  round  the  needle.     In  fact,  the  flow  of  a  very 
current  through  such  an  instrument,  or  the  maintenance  of  a  ^ 
low  difference  of  potential  at  its  terminals,  may  suflice  to 
a  good  deflection,  while  under  similar  conditions  a  galvanc 
with  a  thick  wire  coil  would  be  unaffected.   It  was  observed^ 
considering  the  Wheatstone  bridge  method  of  measuring 
(Chapter  V.),  that  one  great  advantage  pertaining  to  it  is,  tiatj 
making  the   final  adjustment  only  a  very  weak  current  or 
current  at  all  passes  through  the  galvanometer.     It  is  tht 
practicable  in  such  cases  to  use  a  very  delicate  instrument,  anti 
order  to  prevent  damage  being  done  to  the  needle  or  its 
to  prevent  the  coils  being  fused  by  the  passage  of  a  heavy 
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I  cofl  can  be  shunted  until  the  adjustments  are  almost  com- 
ted. 

It  will  also  be  remembered  that  the  instrument  need  not  be 
any  particular  design,  since  the  final  result  is  obtained  with  the 
bdle  undetected ;  a  galvanometer  such  as  this  can  also  be 
i^loyed  in  several  methods  which  have  been  devised  for  the 
mparison  of  electro-motive  forces,  in  which  the  instrument  is 
n^y  used  to  denote  the  absence  of  a  current,  and  in  which, 
Before,  the  consequent  advantages  are  the  same  as  in  the  case 
llie  Wheatstone  bridge.  Fig.  94  shows  the  connections  for  one 
cfa  method. 


E  is  the  standard  cell  and  x  the  battery  whose  e  m.f.  is  to  be 
isured.  Ri  R3  are  two  sets  of  resistance  coils,  and  g  is  a 
icate  galvanometer.  A  certain  resistance  is  introduced  into  the 
pDit  by  unplugging  the  necessary  coils  in  R],  and  the  resistance 
R,  is  adjusted  until  the  current  ceases  to  pass  through  the 
vanometer,  thus  showing  that  the  two  points,  s  and  t,  have 
jn  brought  to  the  same  potential.    This  being  the  case,  then 


srefore 


As  an  example,  suppose  the  Latimer  Clark  cell  to  be  used  as 
tandard,  and  Ri  fixed  at  1,000  ohms,  while  the  potentials  at  s 
d  T  are  equalised  by  making  R2  5,650  ohms,  then 

X  =  i'435  X  — —  =  1*435  X  5*65  =  8-io8  volts. 


1000 


It  will  be  observed  that  the  working  out  of  this  example  is 
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Fig.  95. 


simplified  on  account  of  Rj  being  made  i,ooo  ohms.    For 
reason  it  is  preferable  to  always  make  the  resistance  in  the 
arm  as  the  standard  cell  some  multiple  of  lo,  and  obtain  a 
by  adjusting  the  other  set  of  coils. 

The  horizontal  galvanometer  designed  for  use  with  the 
stone  bridge  answers  very  well  for  this  test,  and,  as  will  be 

from    fig.    95,  the  btidpi 
itself  may  be  used  fiv 
two  sets  of  coils  and 
the  usual  key  can  be 
ployed  in  the  gal^ 
circuit,  while  the  'u 
plug  between  a  and  d 
be  used  to  break  the  1 
circuit  and  so  minimise  i 
error  due  to  polarisatioiL 
When  a  delicate  gsdi 
meter  is  not  available, 
and  R9  must  be  lowerj 
then  the  battery  resistances  become  important  and  cannot 
ignored.    They  may,  however,  be  eliminated  by  increasing 
of  the  resistances,  say  Rj,  by  a  certain  amount,  say  p  ohms, 
obtaining  a  balance  again  by  increasing  R2  by  q  ohms.    Then 


therefore 


a:  :  E  ::  Q  :  p. 


The  electro-motive  forces  are,  in  fact,  simply  proportional  to  1 
increase  of  the  original  resistances  Rj  and  R). 

For  example,  if  after  one  balance  had  been  obtained,  we 
to  increase  the  resistance  R|  by  500  ohms,  and  again  obtain 
balance  by  adding  2,852  ohms  to  R2 ;  then  p  =  500  andQ' 
2852,  therefore 

X  =  1*435  X  — ^-  =  8-185  volts.  I 

The  proof  of  the  method  depends  upon  two  laws  demonstiaw 
by  KirchhofT,  which  we  will  endeavour  to  explain. 

Let  the  resistance  Ri  be  slightly  reduced,  so  that  the  baW 
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;  upset,  then   the   currents  in  the  three  arms  will  flow  in  the 
lirection  indicated  by  the  arrows  in  fig.  94. 

The  first  of  Kirchhoff 's  laws  (which  is  almost  self-evident  in  the 
jresent  simple  case),  states  that  the  current  flowing  to  the  point  s 
s  equal  to  the  sum  of  the  currents  flowing  from  it,  that  is, 

Ci  =  Ca  +  c (i). 

The  second  law  declares  that  in  any  complete  circuit,  even 
»hen  it  forms  part  of  a  network,  as  Rj  e  s  t,  the  sum  of  the  pro- 
ducts of  the  current  strength  in  each  arm  into  the  resistance  of 
that  arm  is  equal  to  the  sum  of  all  the  electro-motive  forces  in  the 
circuit  That  is  to  say,  if  in  each  arm  or  portion  of  the  circuit 
the  individual  resistance  of  that  arm  is  multiplied  by  the  strength 
of  the  current  flowing  through  that  resistance,  and  if  all  the  pro- 
ducts so  obtained  are  added  together,  then  the  sum  so  produced 
will  be  exactly  equal  to  the  sum  obtained  by  adding  together  all 
the  electro-motive  forces  in  the  various  arms  of  the  circuit. 

The  algebraical  sum  must,  of  course,  be  taken  ;  for  instance, 
if  two  currents,  or  two  e.m.f.'s,  are  opposite  in  direction,  one  must 
be  reckoned  2LSplus  and  the  other  as  minus. 

In  the  circuit  Ri  e  s  t  the  only  e.m.f.  is  that  of  the  standard 
cell,  which  we  denote  by  e,  and,  neglecting  the  internal  resistance 
of  this  cell,  we  form  the  second  equation  thus  : 

E  =  Ci  Ri-hCG (2). 

G  being  the  resistance  of  the  galvanometer. 

Similarly,  in  the  circuit  Rj  Jc  s  t,  the  only  e.m.f.  is  x,  but  the 
<^^inents  in  the  two  arms  are  in  opposite  directions.    Therefore 

By  inserting  in  (2)  the  value  of  Cj,  given  in  (i),  we  get 

E  =  (Ca+c)  Ri4-C  G, 
^tis,  E  =  CaRi  +  CR,+CG (4). 

From(3),  Ca  =  H^±^; 

R2 

^d,  inserting  this  value  for  Cj  in  (4),  we  get 

Ri  (c  G  +  ^)  ,  ^  „    ,  ^  „ 

Rj 

R2  E  =  C  Rj  G-fRj  X-^-C  RiRa-fC  G  R2  ', 
4 
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therefore 


c  = 


Ro  E"""Ri  X 


Ri  G  +  Rj  Rj  +  Ra  G 


This  equation  gives  us  the  value  of  the  current  flowing  in 
galvanometer  circuit  when  the  balance  is  upset,  in  terms  of 
various  electro-motive  forces  and  resistances.  But  in  making 
test  we  adjust  so  that  no  current  flows  through  the  galvanoi 
therefore,  when  a  balance  has  been  obtained,  c  =  o,  and, 
quently,  the  fraction  which  forms  the  right-hand  side  of  eqi 
(5)  is  equal  to  o. 

Therefore,  the  numerator  of  the  fraction 


that  is, 
and 


R2  E— Rj  JC  =  o, 

Ro  £  sss  R]  OCm 


X  s=s  E— • 


which  proves  the  case  when  the  battery  resistances  are  so 
as  to  be  negligible. 

Equation  (6)  holds  good,  in  fact,  so  long  as  r^  and  r,  re] 
the  total  resistance  in  their  respective  arms  of  the  system. 

When  the  resistances  of  the  batteries  cannot  be  ignored, 
must  be  added  to  r,  and  Rj  respectively  to  make  up  the 
resistance  in  the  arm,  and  then  equation  (6)  becomes 

E(Ra+r8)  =  ^(Ri+r,), 

where  r,  is  the  resistance  of  the  standard  cell,  and  r,  that  of 
battery  under  test.    Also,  when  Ri  is  increased  by  p  ohms,  andj 
by  Q  ohms, 

E  (Rj  +  r^+Q)  =  X  (r,  +r,  +  p), 

that  is,  E(R2  +  rj)  +  E  Q  =  jp  (R,+r,)  +  jc  p     .     . 

Subtracting  (7)  from  (8),  we  obtain 


therefore 


E  Q  =  ;r  p  ; 
Q 


There  are  a  number  of  very  beautiful  methods  for  the 
son  of  electro-motive  forces,  somewhat  similar  in  principle  to 
just  described.     We  have  selected  a  few  and  worked  them  oat  I 
length,  not  only  because  they  are  in  themselves  interesting, 
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I  because  they  involve,  in  a  rather  simple  form,  some  very  im- 
tant  principles  and  laws  which  the  student  will  do  well  to  master. 
We  wll  now  direct  our  attention  to  a  method  based  upon  a 
lewhat  different  principle.  In  this  case,  again,  no  current 
Ks  through  the  galvanometer  when  the  final  adjustment  has 

II  made,  thus  permitting  the  use  of  a  delicate  instrument  But 
ttther  very  great  point  in  its  favour  is  the  fact  that  the  batteries 
not  send  any  current  while  their  e.m.f.'s  are  being  actually 
apored.  Consequently,  the  Latimer  Clark  cell  may  be  used  as 
andard  to  the  best  advantage,  and  the  true  e.m.f.  of  a  battery 
ject  to  polarisation,  like  the  Leclanch^,  can  easily  be  measured  ; 
i  forther,  since  no  current  flows  through  the  batteries  or  the 
inometer  in  the  battery  circuit,  their  resistances  have  no  effect 
lever,  and  therefore  need  not  be  known. 

tf  between  the  ends  a  and  b  (fig.  96)  of  a  uniform  German- 
rwire  one  metre  (39*37  inches  or  i,ooo  millimetres)  in  length 

Fig.  96. 
5       6       7        8        9 
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tential  difference  of  10  volts  is  maintained,  the  fall  of  potential 
ie  uniform,  say,  from  b  to  a.  Now  it  must  be  possible,  under 
conditions,  to  find  a  point  in  the  wire  such  that  the  potential 
«nce  between  that  point  and  the  end  a  shall  be  any  desired 
on  of  10  volts.  For  instance,  between  a  and  the  middle  of 
file,  c,  the  difference  is  5  volts.  Furthermore,  if  the  negative 
of  the  Clark  standard  cell  e  is  joined  to  the  point  a,  it  will 
Qe  the  same  potential  as  that  point,  while  the  end  of  the  wire 
Bcted  to  the  positive  pole  will  be  1-435  volts  above  that 
itial.  A  galvanometer  may  be  joined  up  on  either  side  of  e 
wt  affecting  the  final  result,  and  if  the  free  end  of  the  wire  is 
d  to  any  point  near  b  a  current  will  flow  through  the  galvano- 
r  G  in  opposition  to  the  standard  cell,  because  the  potential 
I  point  near  b  is  more  than  1*435  volts  above  that  at  a  ;  while 


i 
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then  a  point,  f,  at  which  the  e.m.f.  of  the  battery  x  is 
is  found  in  a  similar  manner.     Now,  the   potential  dif 
between  a  and  d  is  equal  to  the  e.m.f.  of  the  standard  cdl-i 
is,  1*435  volts — and  the  potential  difference  between  a  andrl 
equal  to  the  e.m.f.  of  the  battery  x.    Therefore 

A  D  :  A  F  ::  E  :  .r. 

Suppose  A  D  to  be  1 20,  and  a  f  685,  divisions  ;  then 

120  :  685::  1-435  'x\ 

therefore  x  =  — 5 ^^  =  8'iq  volts. 

J20 

It  will  thus  be  seen  that  it  is  unnecessary  to  maintain 
particular  potential  difference  per  unit  of  length  of  the  mt^i, 
this  can  be  immediately  found  by  means  of  the  standaid 
But  it  is  advisable,  after  the  adjustments  have  been  made  as 
to  verify  the  result  by  making  contact  with  both  sliders  at 
the  same  moment,  in  order  to  ascertain  whether  or  not  the 
potential  has  varied  during  the  test. 

In  fact,  one  great  feature  in  favour  of  this  arrangement  si 
the  test  may  so  be  made  that  a  slight  variation  of  the 
difference  at  the  ends  of  the  stretched  wire  need  not  cause  anyi 
the  source  of  inaccuracy  which  has  most  to  be  guarded 
want  of  uniformity  in  the  wire  itself.  By  using  a  latv 
battery  a  greater  proportion  of  the  fall  of  potential  takes 
the  external  circuit — that  is,  along  the  stretched  wire — than 
a  high  resistance  battery  is  employed  ;  hence  the  suita! 
secondary  cells  for  this  purpose.  A  greater  length  of  wire 
conveniently  obtained  by  stretching  it  backwards  and 
several  times  upon  a  board.  An  instrument  based  upoKJ 
foregoing  principles  for  measuring  potential  differences  is 
monly  called  a  potentiometer.  The  wire  is  sometimes 
a  spiral  groove  round  an  ebonite  cylinder,  and,  when 
this  form,  it  can  easily  be  divided  into  20,000  parts,  but  thisi 
is  rarely  used  for  practical  work. 

In  all  the  preceding  methods  potential  difference  is  m< 
indirectly  or  by  comparison.     Instruments  have,  however, 
devised  which  indicate  directly,  in  volts,  the  difference  of 
between  any  two  points  ;  such  instruments  are  called  vc^l 
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rhat  invented  by  Major  Cardew  is  very  reliable,  and  it  is  at  the 
ame  time  simple  in  principle.  If  a  wire  is  heated  it  increases  in 
length.  This  linear  expansion  or  extension  is  proportional  to  the 
product  of  the  rise  in  temperature  and  the  coefficient  of  expansion 
for  the  particular  wire.  The  coefficient  of  linear  expansion  is 
defined  as  the  elongation  of  a  body  of  unit  length  when  its 
temperature  rises  from  zero  to  one  degree  (Centigrade),  and  this 
coefficient  or  proportional  extension  for  platinum  is  0*0000088,  so 
that,  for  an  increase  in  temperature  of  10**  C,  a  yard  of  platinum 
wire  would  be  extended  to  i '000088  yards.  By  measuring  the 
amount  of  extension  produced  by  heating  a  wire,  the  increased 
temperature  can  therefore  be  inferred.  Now,  when  a  current  of 
dectricity  passes  through  a  wire  it  performs  a  certain  amount  of 
work  in  overcoming  its  resistance,  and  the  generation  of  heat  is 
the  result. 

The  rise  in  temperature  resulting  from  the  generation  of  a 
certain  amount  of  heat  does  not,  however,  bear  a  simple  ratio  to 
that  amount  of  heat     It  depends,  in  fact,  upon  the  time  or  dura- 
tion of  the  current  and  the  specific  heat  or  calorific  capacity  of  the 
particular  substance.   The  former  of  these  factors  is  so  exceedingly 
apparent  that  we  need  not  further  enlarge  upon  it.     The  specific 
heat  of  a  body  is  defined  as  that  quantity  of  heat  which  it  absorbs 
when  its  temperature  rises  through  a  given  range — say  from  zero 
to  I®  C. — ^as  compared  with  the  quantity  of  heat  which  would 
be  absorbed  by  an  equal  mass  of  water  when  its  temperature  is 
exalted  through  the  same  range.      If,  for  example,  a  pound  of 
niercury  at  100®  C.  is  mixed  with,  or  placed  in,  a  pound  of  water 
at  zero,  the  temperature  of  the  mixture  will  only  be  3°  C,  so  that, 
while  the  mercury  has  lost  97°,  the  equal  mass  of  water  has  only 
increased  3®,  or,  in  simple  language,  a  quantity  of  water  absorbs 
about  thirty-two  times  as  much  heat  as  an  equal  weight  of  mercury, 
in  undergoing  the  same  exaltation  of  temperature.    The  specific 
Jjcat  of  water  being  taken  as  unity,  that  of  mercury  is  therefore 
^"^3332.    Similarly,  the  specific  heat  of  platinum  is  0*03244. 

The  variation  in  the  temperature  of  a  wire  due  to  an  increment 
or  decrement  of  heat,  depends  also  upon  its  weight  or  its  sectional 
^  for  it  will  be  evident  that  if  two  wires  of  similar  material  and 
of  equal  resistance,  but  of  different  gauge  or  different  weight — 
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such,  for  example,  as  a  given  length  of  platinum  wire 
one  gramme,  and  another  platinum  wire,  twice  as  long,  but 
ing  four  grammes  (offering,  therefore,  equal  resistances)— haitt 
same  current  passed  through  them,  they  will  not  be  raised  toi 
same  temperature,  although  the  amount  of  heat  actually  i 
will  be  the  same  in  each  case.    This  follows  from  the  &ct  t)a:i 
the  one  case  there  is  more  material  to  heat  than  in  the  odia 

When  a  current  of  electricity  passes  through  a  wire,  and 
forms  a  certain  amount  of  work  in  overcoming  its  resistance, 
equivalent  of  the  quantity  of  energy  absorbed  in  the  perfo 
of  this  work  is  seen  in  the  development  of  a  definite  amoofiij 
heat  which  is  imparted  to  the  wire.    The  heat  (h)  developed  «J 
unit  of  time  is,  in  fact,  directly  proportional  to  the  amount  of] 
expended  in  overcoming  the  resistance  of  the  conductor— diatiii 
say,  it  is  proportional  to  the  product  of  the  difference  of  pot€ 
between  its  extremities,  into  the  strength  of  the  current  c, 
is  maintained  through  it,  or  h  :  e  c.     If  the  resistance  of  tbe^ 
remains  constant,  the  value  of  c  varies  directly  as  e  ;  by 
E,  c  is  also  doubled,  and  the  heat  developed  then  varies  asl 
square  of  e. 

Again,  the  heat  unit  is  defined  as  that  amount  of  heat 
required  to  raise  i  gramme  of  water  through  i**  C.  in  temi 
and  a  potential  difference  of  i  volt  maintained  through  a 
ance  of  i  ohm  develops  0*24  such  heat  units  per  secom 
is  to  say,  the  number  of  heat  units,  h,  developed  in  /  seconds,! 

H  =  0*24  X  E  c  /. 

As  E  =  c  R,  it  follows  that  e  c  =  c'  r,  so  that  the  fc 
may  also  be  expressed  by  saying  that 


H  =  0-24  X  c^  R  A 

Collecting  all  these  facts  into  one  simple  formula,  wbati 
represents  the  rise  in  temperature  in  Centigrade  degrees,  e 
potential  difference  in  volts,  c  the  current  strength   in  ai 
/  the  time  in  seconds,  h  the  specific  heat,  g  the  weight  of  the 
in  grammes,  and  0*24  the  constant  which,  as  pointed  out  al 
necessary  to  obtain  a  result  on  the  Centigrade  scale,  we  may ' 


that 


T°  =  0-24  X 


EC/       .     ,,  c*R  / 

=  0-24  X--- 

g  n  g  ^ 
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0  that  a  current  of  one  ampere,  flowing  for  one  second  through 
(  gramme  of  water  (whose  specific  heat  is  i*o),  and  offering  i 
dun  resistance,  involving,  therefore,  a  potential  difference  of  i 
K>lt,  would,  if  all  the  energy  expended  were  devoted  to  the  genera- 
tion of  heat,  be  raised  0*24°  C.  in  temperature. 

Similarly,  if  the  same  current  were  maintained  through  a 
platinum  wire  of  the  same  weight  and  resistance,  the  increase  of 
temperature  would  be 

^o                   ^EC/                          IXIXI  T 

T°  =  0-24  X 7-=  0*24  X =  0'24  X 


gh  1x0-03244  0-03244 

=  7*4**  C,  nearly. 

In  the  Cardew  voltmeter  a  length  of  very  fine  platinum-silver 
wire  is  employed,  and  is  heated  by  the  passage  of  the  currents 
whose  E.M.F.  it  is  desired  to  test.     In  each  test,  therefore,  g  and  h 
retain  the  same  values,  and  by  limiting  the  increase  of  temperature 
to  a  few  degrees,  the  very  slight  variation  of  R  becomes  a  negligible 
quantity.     Similarly,  by  employing  a  fine  wire,  it  speedily  rises  to 
«ich  a  temperature  that,  with  any  given  current,  the  loss  of  heat 
due  to  radiation  equals  in  amount  that  which  is  developed  by  the 
cunent     The  only  really  variable  quantities,  therefore,  are  e  and 
c    But,  as  already  pointed  out,  c  varies  uniformly  with  e,  and  if 
the  facilities  for  radiation  remain  the  same,  the  increase  of  tem- 
perature, and  with  it  the  elongation,  will  always  be  the  same  for 
*ny  given  value  of  e.     Hence,  the  amount  of  elongation  can  be 
^de  to  indicate  the  potential  difference  maintained  between  the 
tttremities  of  the  wire. 

Simple  as  the  principle  is,  the  construction  of  a  reliable  practical 
instniment  is  a  matter  of  some  difficulty,  and  an  enormous  amount 
of  experimental  work  has  been  performed  in  determining  the  exact 
sources  of  error  to  which  a  Cardew  voltmeter  is  liable.  Fig.  98 
illustrates  the  form  of  this  instrument  adopted  by  Messrs.  Goolden 
3fter  an  exhaustive  series  of  experiments  extending  over  a  number 
of  years,  and  in  it  the  inherent  sources  of  variation  and  error  are 
practically  eliminated.  The  outer  casing  is  removed  to  show  the 
essential  parts  as  view^ed  from  the  back. 

The  platinum-silver  wire  is  0*0025  inch (2.^  mils)  in  diameter, 
^d  is  fixed  at  one  end  to  the  small  brass  block  m.    Thence  it 
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;  led  round  one  of  two  grooved  pulleys  supported  by  a  ring  at  the 
nds  of  two  metal  rods,  g  h^  which  are  about  36  inches  long,  and 
le  fixed  to  the  brass  base-plate.  From  this  pulley  the  wire  returns, 
md  is  passed  round  a  small  pulley,  c\  thence  it  is  led  to  the 
econd  pulley  at  the  top  of  the  rods,  and  is  finally  terminated  at 
he  small  brass  block  n.  The  brass  pieces  m  and  n  are  supported 
ay  the  insulating  block  of  varnished  vulcanised  fibre,  which  is 
lecurely  £ELstened  to  the  brass  base-plate,  and  m  and  n  are  con- 
nected each  to  one  of  the  main  terminals  of  the  instrument,  which 
are  insulated  by  ebonite  or  fibre  collars  from  the  brass  casing.  The 
wire  should  pass  round  the  pulleys  at  the  top  of  the  rods  in  such  a 
manner  that  a  pull  at  c  on  the  two  centre  wires  would  cause  both 
pulleys  to  rotate  in  the  same  direction,  and,  the  spindle  being 
pivoted  in  jewelled  holes,  the  friction  is  reduced  to  a  minimum. 

The  small  part,  c^  referred  to  as  a  pulley,  only  acts  as  such 
during  the  wiring  of  the  instrument,  as  the  extension  of  the  wire 
when  the  apparatus  is  subsequently  used  does  not  cause  it  to 
rotate.     It  is  made  of  vulcanised  fibre,  with  a  small  groove  round 
its  circumference  in  which  the  wire  lies,  and  is  fixed  by  a  small 
screw  passing  loosely  through  its  centre  to  one  end  of  the  thin 
brass  strip  t,  the  other  end  of  which  has  attached  to  it  a  fine 
platinum-silver  wire,  w,  connected  to  the  spiral  spring  s.     The 
tension  of  this  spring,  which  can  be  varied  by  means  of  the  ad- 
Justing  screw  A,  keeps  the  wires  taut,  and  when  the  main  terminals 
are  coimected  to  points  in  a  circuit  at  different  potentials,  a  cur- 
rent passes — say  to  the  block  m — up  the  wire,  and  round  the  first 
pulley  back  to  the  insulating  reel,  c ;  thence,  again,  to  the  top  of 
the  instrument,  round  the  second  pulley,  and  back  by  way  of  n  to 
the  other  terminal.     This  current  heats  the  wire,  which  expands, 
and  the  slack  is  immediately  taken  up  by  the  spiral  spring  s,  so 
that  the  small  brass  strip  x  and  the  wire  w  are  moved  through  a 
distance  equal  to  the  expansion  of  /wo  lengths  of  the  heated  wire. 
The  amount  of  expansion  (and  therefore  of  the  potential  diflference 
applied)  is  measured  by  observing  the  distance  through  which  the 
length  of  Mdre  w  is  moved ;  but  as  this  distance  is,  at  the  most, 
extremely  small,  some   mechanical   multiplying  arrangement  is 
necessary,  and,  since  the  force  producing  the  movement  is  also 
very  feeble,  great  care  must  be  exercised  in  avoiding  the  introduc- 
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tion  of  any  appreciable  friction.  This  result  is  attained  by4j 
use  of  a  jewelled  watch  movement.  The  wire  w  is  led  roand  \ 
small  pulley,/,  fixed  upon  the  same  spindle  as  a  toothed  whed,i| 
which  gears  into  a  small  pinion,  the  spindle  of  which  carries  a  laa| 
needle  or  pointer,  passing  over  a  scale  plate  at  the  back  o(  vk 
not  visible  in,  the  figure.  When  the  wire  is  extended  by  i 
current,  the  spring  s  causes  the  pulley/  to  turn  through  a  soi 
angle,  and  with  it  also  the  wheel  r,  the  pinion,  and  the  pointtf 
and,  as  the  diameter  of  the  wheel  is  much  greater  than  that  of  di 
pinion,  the  pointer  is  turned  through  a  large  angle  by  a  compiil 
tively  small  extension  of  the  wire 

The  passing  of  the  wire  w  round  the  pulley  so  as  to  gel  axdl 
able  grip,  and  at  the  same  time  avoid  friction  or  risk  of  damagel 
the  fine  wire,  is  a  more  difficult  matter  than  might  at  fiist 
appear,  and,  like  every  other  detail,  has  received  much 
before  the  method  now  employed  was  finally  adopted 

The  pulley  is  shown  separately  in  fig.  99.     It  has  two 
parallel  grooves  round  its  circumference,  at  one  part  of 
(where  it  is  filed  away  flat)  two  set-screws  are  fixed,  both 
up  home.     The  wire  is  led  from  t  round  the  first  groove  to 
screw-heads,  between  which  it  passes  over  to  the  second 
in  which  it  completes  its  journey  round  the  pulley,  and  is  thoal 
to  the  spiral  spring. 

The  wire  is  so  fine  that  it  would  not  bear  being  pinched 
the  screw-heads,  but  the  arrangement  described  effectually 
comes  any  tendency  to  slip  \  and  as  the  pulley  only  moves  tl 
a  small  angle,  never  making  a  complete  revolution,  no  set 
friction  is  introduced.     Insignificant  as  this  detail  may  apj 
is,  as  already  indicated,  very  important,  and  the  same 
applies  to  the  shape  of  the  spiral  spring  s  and  to  the  materali 
which  it  is  composed.     The  gradual  alteration  of  this  spring 
found  to  be  the  main  cause  of  the  slight  variation  from  lero 
was  frequently  observed  in  the  earlier  instruments.    It  is  ne 
that  the  tension  of  this  spring  should  remain  constant ;  vs& 
difficulty  has  been  surmounted  by  (a)  choosing  a  spring  least! 
to  vary,  spiral  in  form  and  of  German  silver,  and  ip)  provicft<] 
thumbscrew  a  on  the  outside  of  the  case,  by  turning  whiA 
pointer  can  be  readily  restored  to  zero  should  it  become 
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Uthough  there  are  four  straight  lengths  of  wire  equally  heated,  it 
fill  be  remembered  that  the  expansion  measured  is  only  equal  to 
bat  of  two  lengths,  for,  since  c  does  not  rotate,  its  movement 
•odd  be  the  same  if  one  of  the  wires  were  rigidly  fixed  to  it  and 
Ae  other  removed.  But  it  will  be  noticed  that  the  tension  due  to 
k  spiral  spring  is  equally  distributed  between  the  two  wires  lead- 
fag  from  r,  and  this  affords  the  great  advantage  that  double  the 
fension  can  be  given  to  the  spring,  which  means  that  the  force 
wth  which  the  pulley/  is  turned  can  be  doubled,  and  any  slight 
error  due  to  friction  correspondingly  reduced,  without,  at  the  same 
time,  necessitating  the  adoption  of  a  comparatively  thick  wire. 
The  wheel  work  is  well  made,  but  it  is  of  course  impossible  to  alto- 
gether avoid  'back-lash* — that  is  to  say,  as  the  teeth  of  the  driving- 
wheel  do  not  fit  tight  between  the  teeth  of  the  pinion,  the  latter 
does  not  begin  to  move  absolutely  at  the  same  moment  that  the 
driving-wheel  does  when  its  motion  is  reversed.  To  avoid  the 
sHght  error  which  this  might  cause,  a  hair-spring  is  fixed  to  the 
pinion  spindle.  This  spring  is  visible  in  fig.  98,  the  pinion  being 
immediately  behind  and  therefore  hidden  by  it  It  is  adjusted  so 
as  to  maintain  sufficient  pressure  between  the  teeth  of  the  wheel  and 
pinion  to  keep  them  always  in  contact,  so  that  in  either  direction 
the  two  move  simultaneously. 

The  whole  of  the  casing  is  of  brass,  wood,  from  its  liability  to 

'rarp,  being  wholly  unsuitable  ;  but  it  is  clear  that  the  rods  (g  ky 

%  98)  cannot  be  made  of  that  metal,  as,  its  coefficient  of  expan- 

^on  being  higher  than  that  of  platinum  silver,  it  would  expand 

JDore  than  the  wire  with  any  rise  of  temperature,  atmospheric  or 

otherwise,  and  cause  a  deflection  of  the  pointer.     On  account  of 

*^e  expense,  platinum -silver  cannot  be  employed  for  this  purpose. 

licm  has,  however,  a  lower  coefficient  of  expansion  than  the  wire, 

2nd  the  rods  are  therefore  made  partly  of  iron  and  partly  of  brass, 

"^t  length  of  these  parts  being  so  proportioned  that  the  greater 

^^pansion  or  contraction  of  the  brass  shall  be  neutralised  by  the 

^sser  expansion  or  contraction  of  the  iron,  and  the  whole  rod  vary 

*Q  length  in  exactly  the  same  proportion  as  the  wire  itself.     The 

'^es  are  encased  throughout  their  length  by  a  brass  tube  which 

^  easily  be  removed,  and  the  arrangement  of   the  pulleys, 

together  with  an  opening  in  the  supporting  ring  to  which  they 
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are  attached,  facilitates  the  re-wiring  of  the  instnimeot 
order  to  prevent  damage  to  the  working  wire  by  the 
passage  of  a  too  powerful  current,  a  safety  fuse  is  inserted  io 
with  it,  consisting  of  a  short  length  of  platinum-silver 
0*0014  inch  (if  mils)  in  diameter,  which  fuses  and  breaks  tfaei 
cuit  before  the  current  attains  sufficient  strei^gth  to  fuse  the 
working  wire.  This  fuse-wire  is  placed  in  a  slit  along  tbeJ 
of  a  rectangular  strip  of  vulcanised  fibrcy  each  end  being 
minated  at  a  round-headed  brass  screw  in  the  end  of  die 
which  is  firmly  held  between  two  flat  springs  making  contact' 
the  screw-heads,  one  spring  being  connected  to  m  and  the 
to  the  left-hand  terminal.  Several  such  fuse-wire  blocb 
kept  at  hand,  and  the  replacing  of  a  fuse  is  then  but  the 
a  moment.  Connection  between  n  and  the  other  terminal  »i 
by  a  stout,  stiff  wire. 

This  type  of  instrument,  in  which  the  wires  are  suj 
the  two  compound  rods,  and  in  which  the  tube  slipped  ofer 
simply  acts  as  a  casing  to  protect  the  wires  from  air  cunents| 
damage,  is  designed  for  use  with  the  tube  in  a  vertical 
the  end  at  which  the  pulleys  are  fixed  being  placed 
Now,  as  soon  as  the  wire  gets  hot,  it  heats  the  adjacent  aii,i 
being  displaced  by  colder  air,  rises,  and  consequently 
set  circulating  in  the  tube.  The  result  is  that  when  the 
deflected  a  slight  oscillation  may  be  observed,  sufficient  to 
the  value  of  the  potential  difference  being  read  with 
within  half  a  volt.  This  oscillation  can  be  entirely  elii 
simply  placing  the  tube  in  a  horizontal  position,  for  the 
length  of  the  wire  then  lies  in  a  more  evenly  ^eated 
in  which  such  air  currents  as  rise  from  it  are  feebler  and 
uniform  in  their  distribution  in  relation  to  the  wire. 

A  more  accurate,  though  more  expensive,  instrument  is 
by  dispensing  with  the  rods  and  fixing  the  jewelled  pulley^ 
in  the  end  of  the  tube  itself,  which,  of  course,  is  then  comj 
being  made  of  brass  and  iron  in  the  necessary  proporticHis. 
instruments  are  pre-eminently  adapted  for  experimental 
account  of  their  extreme  accuracy,  and  are,  of  course, 
employed  in  the  horizontal  position.  The  rod  pattern  (whi 
also  be  used  horizontally)  is,  however,  a  first-rate  piece 
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IS  for  the  engine-room  or  workshop,  where  a  possible  error 
If  a  volt  in  the  reading  is  a  matter  of  little  moment,  and  it 
be  advantage  that  the  working  wire  can  be  more  easily 
red  than  in  the  tube  form.     The  voltmeter  pic  ,00. 

nted  is  capable  of  measuring  from  30  to 
wdts.  The  calibration  is  carefully  per- 
Ed,  the  wire  being  continually  heated  by 
pssaieof  a  current,  and  stretched,  for  some 
previously,  to  bring  it  to  its  normal  con- 
B.  As  it  is  the  heating  of  the  wire  which 
fc  a  measure  of  the  electro-motive  force, 
Iwting-erTOr  '  peculiar  to  most  voltmeters 
R  entirely  absent,  and  the  instrument  may 
nd  in  fact  is,  kept  continually  connected  up 
bfs  and  weeks  together.  For  the  same 
ii,the  reading  is  unaffected  by  the  presence 
ttenut  currents  or  any  electro-magnetic 
»nd,  as  iron  is  not  employed  and  the  wire 
t  coiled,  its  self-induction  is  practically  nil. 
*,  alternating  potential  differences  can  be 
■led ;  but  it  must  be  remembered  that  this 
absence  of  self-induction  in  the  instrument. 
Owing  a  current  to  rise  suddenly  to  its  full 
\  limits  the  range  through  which  the  fuse 
fotect  the  working  wire  ;  for,  although  the 
•Ms  with  certainty  if  the  current  rises  at  all 
■illy,  a  very  sudden  application  of  a  very 
tM.T.  would  idevelop  a  heavy  current  i 
■J'ttxisly,  fuse  and  wire  being  melted  simul- , 
Msly. 

^  100  is  a  general  view  of  the  Cardew  * 
"'tu  as   made    by    Messrs.    Paterson  & 
P'^i  the  internal  portion  of  the  apparatus, 
"Sd  from  the  rear,  being  shown  in  fig.  1 
•sss  of  a  long  piece  of  platinum -silver  wire,  O'oc 
*i  and  passing  up  and  down  the  long  tube  over  frictionless 
^  supported  by  the  tube.     One  end  of  the  wire  is  rigidly 
\  the  other  end  being  attached  to  a  silk  thread  which  passes 
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.25  inch  in  dia- 


l88  Electrical  Engineering  cm 

round  a  small  spindle  and  is  kept  stretched  by  means  (tf  the ' 
bow-spring  shown  in  the  lower  portion  of  the  figure.  Thei 
therefore,  which  would  otherwise  sag  or  slacken  on  being 
is  kept  taut,  acting  and  reacting  with  the  spring.  The 
round  which  the  thread  passes  is  geared  on  to  the  axle  can] 
Pi„^  ,gj  the  indicating  needle  wi 

travels  over  the  face  of 
dial ;  so  that  the  ekx^ 
due  to  the  varjingtemp 
ture  brought  about  bj 
different  e-m.f.'s 
readily  indicated. 

A  fine  pbtinum-s 
wire  fuse  is  introduced 
tween  the  brass  stiin 
the  left  of  the  figure. 
long  tube  which  cania 
wire  is  in  two  pans,  a 
brass  and  the  othet  of 
0  as  to  allow  it  to  «] 
equally  with  the  wire  ei 
atmosi^eric  changes. 
The  instruments 
usually  made  to  r^isa 
to  120  volts,  but  tbeii 
of  the  readings  am 
easily  be  increased  by  msertmg  in  the  circuit,  in  series,  resist 
coils  of  various  multiplying  powers.  Thus,  if  a  coil  equal  ii 
sistance  to  the  wire  in  the  voltmeter  were  introduced,  it  ■ 
exactly  halve  the  potential  difference  of  the  current  at  the  tera 
of  the  voltmeter  due  to  anj  particular  e.m.f.  Manifestly,  si 
coil  would  have  a  multiplying  power  of  two,  while  a  coil  (rf ' 
times  the  resistance  would  reduce  the  proportion  of  p«e 
difference  absorbed  by  the  \oltmeter  to  one-fourth,  and  tha 
have  a  multiplying  power  of  four.  These  resistance  coils, 
ever,  must  not  be  of  the  ordinary  type.  The  wire  shoukl 
platinum -silver,  of  the  same  gauge  as  in  the  voltmeter,  an 
order  to  produce  exactly  equal  facilities  for  radiation  it  sboul 
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Fig.  xcn. 


flie,  and,  for  convenience,  it  may  be  stretched  over  a  kind  of 
ectangular  framework  made  by  attaching  two  rods  of  slate  to  a 
»ople  of  strips  of  wood,  notches  being  made  in  the  slate  to  receive 
lie  wire  and  prevent  one  portion  slipping  into  contact  with  another, 
rhe  wire  and  framework  are  enclosed  by  pieces  of  thin  sheet  iron. 
The  ordinary  Cardew  voltmeter,  although  the  best  and  most 
useful  instrument  for  the  measurement  of  high  voltages,  is  not 
mailable  for  the  estimation  of  low  potential  differences,  owing  to 
Ae  exceedingly  small  elongation  due  to  the  slight  rise  in  tempera- 
tnre,  and  the  consequent  vagueness  of  the  reading  which  would 
result  therefrom. 

Recognising  the  necessity  for  the  production  of  an  instru- 
ment capable  of  measuring  low  e.m.f.*s— more  particularly  for 
testing  the  voltage 
of  secondary  cells — 
Major  Cardew  has  just 
designed  one,  the 
working  parts  being 
shown  in  fig.  102. 
The  range  is  from  05 
to  25  volts,  the  scale, 
as  shown  in  fig.  103, 
being  divided  into 
tenths  of  a  volt. 

Two  pieces  of 
platimim-silver  wire,  6 
and  D  (fig.  102),  are 
fapt  taut  by  means  of 
te  upright  bows,  a  b. 
'^e  indicating  needle 
^  is  supported    and  ,1 

teld  in  position  by  two  " 

Jiorizontal  pieces  of  wire  and  a  couple  of  spiral  springs.  The 
^owerends  of  the  wires  c  d  are  connected  to  terminals  on  the  case 
jrf  the  instrament,  so  that  when  a  current  passes  through  the 
"^stniment  it  travels  up  one  wire  and  across,  by  way  of  the  thicker 
P^  of  the  needle,  to  the  other  wire.  This  current  raises  the 
^perature  of  the  wires  c  and  d,  which,  by  their  consequent  ex 
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tension,  allow  the  upper  ends  of  the  bows  to  approach  each 
This  motion  is  transmitted  by  means  of  the  stiff  horizontal 
to  the  needle,  which  therefore  travels  over  the  scale  from  r^ 
left.     In  the  figures  the  needle  is  shown  over  the  centre  of 

scaleasifdefli 

Fig.  T03, 


DBAKE  &  OORHAM 
WKSTMIXSTKll 


_[ 


£: 


the  application  ofi 

E.M.F.    of   I'll 

It  will   be 
that  there  is  al 
no    friction  -a 
important 
which,  as  a  matter! 
fact,   renders  the 
stniroent  a 
It  is  also  an 
sive  piece  of  s 
Professors 
and  Perry  havti 
duced    anothei; 
somewhat  more 
plicated,  modif 
of  the  Cardew 
meter,  which  is 
ble  of  accurately  measuring  low  potential  differences,  and 
eating  small  fractions  of  a  volt.     The  principle  upon  vh 
apparatus  is  constructed  will  be  easily  understood  by  a 
to  the  diagram,  fig.   104.      w  w  is  a  short  piece  of  pi 
silver  wire,  0*0014  inch  in  diameter.     The  ends  of  this 
held  rigidly  by  the  terminal  screws  a  and   b.      The 
the  wire  rests  in  a  stirrup  supported  by  the  magnifying 
which  is  similar  to  that  illustrated  in  fig.  61.     The  u] 
of  the  spring  carries  a  pointer  p,  and  is  kept  in 
a  piece  of  fine  wire,  c  d,  fixed,  at  its  upper  extremity, 
support  s.     On  a  comparatively  feeble  current — that  is  toi 
current  caused  by  a  small  difference  of  potential — ^passing 
the  wire  w,  it  is  elongated  and  the  sag  is  increased.    Tbe 
on  the  spring  is  thereby  reduced,  and,  the  lower  end  being  I 
the  upper  end  revolves  and  carries  the  pointer  with  it.    The 
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loves  over  a  dial,  and  indicates  directly  the  amount  of  coiling  to 
fcich  the  spring  is  subjected  by  the  sag  on  the  wire.  So  sensitive 
5  this  arrangement  that  when  the  initial  sag  on  the  wire  is  com- 
Kratively  small — that  is  to  say,  when  the  wire  is  stretched  almost 
a  a  straight  line  between  the  terminals  -  sufficient  change  in  the 
Bg  results  from  the  application  of  a  potential  difference  of  eight 
Br  ten  volts  at  the  extremities  of  a  wire  eight  inches  long,  to  pro- 
dnce,  when  magnified  by  the  spring,  a  complete  rotation  of  the 
pointer. 

If,  in  a  voltmeter  of  this  kind,  the  wire  is  further  shortened, 


M 


the  instrument  will  indicate  a  still  lower  potential  difference, 

because  the  shortening  decreases  the  resistance,  and  so  augments 

the  current  resulting  from  a  given  potential  difference,  and  also 

because,  the  mass  of  the  wire  being  reduced,  its  temperature  rises 

higher  with  a  given  quantity  of  heat.     But  the  wire  cannot  be 

shortened  indefinitely,  as  it  is  so  fine  that  the  temperature  beyond 

^Viich  it  is  unsafe  to  work  is  quickly  reached.     It  is,  however, 

possible  to  obtain  the  first-mentioned  effect  without  the  second. 

fot  instance,  in  the  case  of  what  may  be  called  the  bicycle-wheel 

fonn  of  instrument  (fig.  105),  the  whole  of  the  wires  can  be  joined 

^  series,  or  grouped  variously  in  parallel.     In  the  latter  case,  the 

^^^sistance  being  much  decreased,  the  stronger  current  develops  a 

S^ter  amount  of  heat  in  the  spokes,  thus  affording  a  means 

M  which  an  instrument  may  be  used  for  much  lower  potential 

dMTerences  than  it  can  be  with  the  spokes  in  series.    The  mass 
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of  metal  affected  by  the  heat  is,  however,  the  same  i 
case. 

The  design  of  this  form  of  the  instrument  is  ingenious, 
a  ring  of  metal  a  number  of  non-conducting  studs,  a  b  c, 
fixed.    There  is  also  a  small  non-conducting  central  piece,  p,| 

which  a  magnifying  spring! 
attached,  at  right  angles  to  tl 
plane  of  the  ring.  One  a 
of  the  wire  is  attached  to  tl 
stud  E,  and  passes  to  and  f 
between  the  hub  or  cenai 
piece  p  and  the  varioos  stol 
the  other  end  being  fixed  1 
the  stud  F.  Thisderice 
the  advantage  that 
tion  of  the  wire  is  affe 
the  current,  so  that  th< 
need  to  introduce 
coils  into  the  ext^ml 
to  indicate  the  higher  voltages,  all  that  is  necessary 
already  indicated,  to  join  the  *  spokes '  in  series. 

Fig.  106  is  a  general  view  of  one  of  these  hot-wire  vol 
constructed  to  measure  the  alternating  potential  difference 
terminals  of  a  coil  used  in  electrical  welding,  which  ranges 
I  and  2  volts.     The  scale  is  6  inches  in  diameter  and 
hundredths  of  a  volt. 

In  the  original  instruments,  the  principle  of  which  is 
in  fig.  104,  the  pull  of  the  magnifying  spring  m  was  couni 
by  the  pull  of  the  platinum-silver  wire  w  w  attached  to 
minal  blocks  ;  but  in  the  recent  form,  of  which  fig.  107  is 
zontal  section,  both  these  pulls  act,  in  order  to  economise 
in  the  same  direction,  and  are  counterbalanced  by  the  flat 
Hence,  as  the  wire  stretches,  the  magnifying  spring  m  is 
and  the  pointer  p  (provided  with  a  number  of  fine  hairs  for< 
ing  without  any  great  inertia)  rotates  in  firont  of  the  diaL 
flat  spring  s  has  therefore  the  effect  of  reducing  the  dim< 
the  instrument,  and  it  also  allows  of  the  adoption  of  a 
arrangement  for  a  fuse,  to  protect  the  wire  from  an  o\'e 
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BienL  In  the  ordinary  Cardew  voltmeter,  with  a  wire  two  yards 
I  length,  the  introduction  of  a  short  fuse  which  will  melt  with  a 
Brent  just  too  small  to  damage  the  instrument  does  not  seriously 
^crease  the  resistance  or  diminish  the  sensibility ;   but  in  this 


I  IWdification,  which  sometimes  contains  ojily  a  melius  nt  wiix- 
i  OTroduction  of  such  a  fust  would  considerably  diminish  the  m 
I  'I'I'Iy,  and  it  is  practically  impossible  to  diminish  the  length  of  the 
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fuse  in  proportion  tothelengthof  the  working  win 
of  the  fact  that  the  metallic  blocks  to  which  the  fuse-ir 
have  to  be  attached  would  conduct  the  heat  away  so  rapidlii 
prevent  an  extremely  short  piece  of  wire  from  melling, 
come  this  difficulty  a  fuse,  t,  is  employed,  of  such  a.  dianitur. 
it  would  require  a  far  larger  current  to  melt  it  than  would  td 
to  damage  the  instrument.  A  small  platinum -tipped  scm 
electrically  connected  with  the  wire  l,  [wsses  through  i 
insulating  block,  so  that  when  the  wire  w  w  stretches  by  as 
arranged  percentage  beyond  the  amount  it  stretches  fotlhei 
mum  safe  potential  difference,  the  platinum  contact  c 


spring  H  makes  contact  with  the  screw  d,  and  the  woriiir^ 
consequently  short-circuited.      The  circuit   is    then  I 
completed  through  (he  screw  d,  a  portion  of  the  wire 
fuse  F,  when  the  current  proportionally  increases  and  the 
melted  without  any  risk  of  damage  to  the  instrument 
that  by  this  arrangement  a  thick  fuse-wire  can  be  employi 
ing  but  a  small  resistance  compared  with  that  of  the  wotfc 
while  the  sudden  application  of  a  potential  difference  6» 
times  as  great  as  the  maximum  potential  difference  the  H 
is  intended  to  measure,  melts  the  fuse  readily.   The  fuse  I 
and  terminals  v  v  are  shown,  for  simplicity  sake,  detach 
;ir  actual  position  being,  of  course,  (»i( 
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may  be  added  that  the  sensitiveness  of  the  instrument 
ids  in  a  great  measure  upon  the  initial  sag  given  to  the  wire, 
reat  care  is  therefore  exercised  in  this  part  of  the  adjust- 

e  come  now  to  a  consideration  of  the  means  adopted  to 
It  the  instruments  which  we  described  in  Chapter  IV.  as 
Ue  for  the  measurement  of  current  strength,  and  which  are 
ammeters,  so  that  they  can  be  employed  as  voltmeters. 
I  ammeter  measures  directly  the  strength  of  the  current 
g  through  its  coils,  and  this  current  is  proportional  to  the 
SKe  of  potential  at  the  terminals  of  the  instrument.  It 
)  therefore,  at  first  sight  appear  that  any  ammeter  could  be 
to  measure  the  potential  difference  between  any  two  points 
iply  joining  it  up  to  them,  observing  the  strength  of  the  cur- 
cming,  and  from  that  inferring  the  difference  of  potential 
maintains  it.  But  the  very  act  of  connecting  two  points  in 
it  by  the  low  resistance  ammeter  would  alter  the  distribution 
potential  difference  considerably,  because  an  instrument  to 
re  the  potential  difference  absorbed  between  any  two  points 
portion  of  a  circuit  is  usually  applied  as  a  shunt, 
nsequently,  although  the  ammeter  so  placed  would  correctly 
e  the  potential  difference  between  the  two  points  after  they 
)  joined,  it  w^ould  give  no  information  as  to  their  condition 
For  instance,  if  a  piece  of  German-silver  wire,  having 
tance  of  5  ohms,  forms  part  of  a  circuit  through  which  a 
:  of  4  amperes  is  flowing,  we  know  that  the  difference  of 
al  between  its  terminals  is  4  x  5  =  20  volts,  since  e  =  c  r. 
we  proceed  to  measure  these  volts,  by  connecting  an 
cr  having  a  fraction  of  an  ohm  resistance  to  the  ends  of  the 
c  shall  get  much  less  than  20  volts,  for  the  resistance,  and 
re  the  fall  of  potential,  in  that  portion  of  the  circuit  will 
Sen  considerably  lowered.  Although  the  total  current  in  the 
lit  will  be  increased  by  this  lowering  of  the  total  resist- 
ammeter  resistance  is  so  low  that  it  shunts  the  greater 
le  current  from  the  German-silver  wire  ;  and  supposing 
[onsequence,  only  half  an  ampere  flows  through  that  wire, 
itial  difference  at  its  ends  will  becxR  =  *5X5  =  2-5  volts 
id  of  20. 

02 
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In  order  that  the  introduction  of  the  instrument  shoald  nd 
absolutely  no  alteration,  no  current  at  all  should  flow  throng  I 
and  although  there  are  instruments  which  satisfy  this 
the  majority  are  only  suitable  for  use  in  the  laboratory.  It 
ever,  we  take  any  ordinary  ammeter  and  wind  it  with  a  large 
ber  of  turns  of  fine  wire,  so  that  it  has  a  very  high  resi 
can  be  used  as  a  voltmeter  ;  for  its  resistance  will  be  too 
and  the  current  which  passes  through  it  will  be  too  small,  to 
any  sensible  alteration  in  the  potential  difference  which 
measuring  ;  while,  on  the  other  hand,  the  large  number  of 
wire  will  allow  the  feeble  current  so  flowing  to  produce  a 
strong  magnetic  field  to  actuate  the  movable  part  of  the  apj 
For  instance,  one  of  the  ammeters,  described  in  Chapter 
when  wound  with  fine  wire  to  a  resistance  of  about  2,000 
will  serve  to  measure  potential  differences  of  from  60  to  1201 
Of  course,  it  can  and  must  be  'calibrated'  for  reading la' 
in  the  same  way  that  the  ammeter  was  calibrated  for  n 
amperes. 

One  important  source  of  error  must,  however,  be 
against ;  it  is  due  to  the  fact  that  a  current,  in  passing  t1 
coils  of  a  voltmeter,  heats  the  wire  and  increases  its  resi* 
consequently  a  given  difference  of  potential  will  send  i 
current  through  the  coils  after  they  are  heated  than  before.: 
instrument  will  therefore  indicate  a  lower  difference  of 
than  that  which  actually  exists,  in  consequence  of  the  fee: 
measures  the  potential  difference  by  the  strength  of  the 
up  by  that  difference.     For  this  reason  great  care  must 
cised  to  prevent  the  coils  of  a  voltmeter  being  heated 
appreciable  extent  by  the  current,  and  in  order  to  secure 
dition  a  key  should  always  be  supplied  with  such  an 
The  reading  can  then  be  taken  immediately  the  circuit 
the  coils  is  completed  by  the  depression  of  the  key,  aod 
the  resistance  rises.     In  the  case  of  an  ammeter  the 
the  coils  is  so  very  low  that  but  little  heat  is  generated 
and,  the  size  of  the  wire  being  comparatively  great,  the 
ture,  and  therefore  the  resistance,  varies  but  slightly.    Fi 
an  ammeter  is  not  used  as  a  shunt,  but  is  placed 
circuit,  it  is  virtually  free  from  this  *  heating  error,*  becanse^l 


Electro-magnetic  Voltmeters 


197 


iicamstances,  the  strength  of  the  current  flowing  through  it 
neasared  by  it  is  the  same  as  that  in  the  rest  of  the  circuit, 
fbe  Shuckert,  the  Steelyard,  and  the  Eccentric-iron -disc 
Kters,  and  many  others  of  a  similar  character  which  we  have 
described,  can  be  converted  into  voltmeters  by  the  simple 
dtutionofa  long-wire  coil  of  high  resistance  for  the  short-wire 
of  low  resistance,  and  this,  apart  from  the  calibration,  being 
Dnlj  essential  difference  between  these  types  of  instruments, 
;  b  no  need  to  further  enlarge  upon  them.  An  exception 
perhaps  be  made  in  the  case  of  Evershed's  Gravity  voltmeter, 
leral  view  of  which  is  given  in  fig.  108.  Its  moving  parts  are 
jljsimilar  to  those  of  the  Gravity  ^10.  los, 

eter  shown  in  iig.  67,  but,  of 
t,  thin  wire,  offering  high  resist- 
is  employed.  Only  a  portion 
s  »-ire  forms  the  actual  magnet- 
coil,  this  being  of  copper,  while  . 
;inainder,  which  is  of  German  | 
is  wound  round  a  large  metallic 
ler  inside  the  casing.  In 
Dent  indicating  up  to  no  volts 
*at  resistance  would  be  rather 
t,ooo  ohms,  that  of  the  actual 
lisingcoil  being  about  aooohms,  sothat,  with  then 
ial  difference,  the  power  absorbed  is  only  6  watts ;  and,  as 
miperature  coefficient  of  Gennan  silver  is  low,  as  also 
fK>sition  of  the  wire  gives  fairly  good  facilities  for  radiation, 
opcrature  does  not  rise  appreciably.  Consequently,  the 
nent  may  be  left  continually  on  the  circuit  without  causing 
tor  worth  noticing  under  ordinary  working  conditions. 
r  cases  where  it  is  imperative  that  the  indications  should  be 
J  free  from  heating  error,  Mr.  Evershed  has  suggested  a  very 
Mis  method  of  compensating  which  may  be  applied  to  this 
similar  voltmeter.  It  is  based  upon  the  observed  fact  that 
nperature  coeflicients  of  metals  are  different — that  is  to  say, 
I  rise  of  temperature  causes  a  greater  increase  per  cent,  in 
istance  of  some  metals  than  of  others,  the  difference  in  certain 
tuch  as  copper  and  Gennan  silver,  being  considerable.  The 
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magnetising  coil  proper  consists  of  German-silver  wire, 
higher  resistance  coil  of  copper  wire  is  wound  round  it  in| 
reverse  direction,  as  indicated  in  fig.  109,  the  two  being 
in  parallel,  so  that  the  copper  coil  not  only  forms  a  shunt  tQ,{ 
opposes  the  magnetic  effect  of  the  other  coil,  the  resuhant 
acting  on  the  needle  being  due  to  the  excess  of  the  magnetic  ( 
of  the  German  silver  over  that  of  the  copper  coil.   The  wire* 
latter  is  made  very  thin,  to  enable  the  necessary  resistance 
obtained  while  keeping  the  ampere  turns  sufficiently  lov,| 
number  of  ampere-turns  in  the  German-silver  coil  being 
times  greater  than  in  the  copper.     When  the  current  or 

Fig.  109. 


spheric  changes  cause  a  rise  in  temperature,  and  therefore 
resistance,  the  current  in  the  German-silver  coil  decreases 
but  that  in  the  copper  coil  decreases  in  a  much  &sttr 
because  the  temperature  coefficient  of  copper  is  so  much 
and  if  the  resistances  and  diameters  of  the  two  wires  are 
such  that  the  current  in  the  copper  coil  decreases  just  &st< 
to  keep  the  difference  between  the  magnetic  effects  of 
coils  constant,  the  instrument  will  compensate  itself  for  anj 
tion  in  temperature.  Unfortunately,  the  calculations  reqt 
somewhat  difficult,  and  the  copper  wire  must  be  extiemebl 
so  that  this  extremely  ingenious  method  has  not  yet  made 
headway. 

In  the  recent  development  of  electric  lighting  the  t< 
towards  the  use  of  very  great  differences  of  potential,  mudij 
than  any  we  have  hitherto  dealt  with.     In  one  case,  for  ii 
it  is  proposed  to  work  at  a  potential  difference  of  10,0001 
This  potential  difference  is  alternating,  thus  excluding  at 
large  number  of  measuring  instruments  ;  and  it  will 
conceived  that  those  which  we  have  described  as 
measuring  alternating  potential  differences  could  not 
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nodified  so  as  to  measure  up  to  10,000  volts.    A  voltmeter  has 
)een  introduced  by  Sir  William  Thomson,  based  upon  the  well- 
mown  elementary  fact  that  two  adjacent  bodies  at  different  poten- 
tials mutually  attract  each  other.    We  have  seen  that  a  simple 
«ay  of  establishing  this  difference  of  potential  is  to  rub  two  dis- 
amilar  substances,  such  as  a  piece  of  flannel  and  a  piece  of  sealing- 
wax,  together ;  they  will  then  mutually  attract  each  other,  and 
tbe  force  of  this  attraction  might  serve  to  estimate  the  potential 
difference  between  them.     But  there  is  a  difference  of  potential 
between  the  two  poles  of  a  battery ;  if  these  two  poles  are  con- 
nected one  to  each  of  two  insulated  metal  conductors  (say  brass 
spheres),  the  spheres  will  be  at  different  potentials  and  will  attract 
eadi  other ;  the  force  of  attraction  is,  however,  too  feeble  to  cause 
any  perceptible  movement,  unless  very  delicate  refinements,  un- 
suitable for  workshop  use,  are  resorted  to.     But  for  this  latter 
feet,  such  a  method  of  measuring  potential  difference  would  be 
perfect  in  one  respect,  for,  as  the  two  conductors  are  insulated,  no 
current  whatever  would  flow  from  the  battery,  and  we  might  there- 
fore measure  the  potential  difference  without  altering  it  during 
the  act  of  measurement.   The  use  of  this  *  electrostatic '  method, 
however,  becomes  practicable  in  the  case  of  several  hundred 
'olts,  and  fig.  no  shows  Sir  William  Thomson's  voltmeter,  which 
is  based  upon  it. 

One  conductor  is  fixed  and  the  other  movable  ;  the  fixed  one 

consists  of  two  butterfly-shaped  sheets  of  brass,  parallel  to  each 

o^€r,  and  metallically  connected,  but  carefully  insulated  from  the 

^  of  the  instrument     The  movable  conductor  is  a  thin  alu- 

^nium  strip,  supported  at  its  centre  on  a  knife-edge,  and  moving 

freely  in  a  vertical  plane  exactly  midway  between  the  two  fixed 

^s  plates.    When  at  rest  the  movable  plate  or  strip  is  kept  in  a 

)^ertical  position  by  very  small  weights  placed  on  a  knife-edge  at 

its  lower  extremity.     If  a  difference  of  potential  is  established 

l^tween  the  fixed  plates  and  the  movable  strip,  mutual  attraction 

f^lts,  and  the  aluminium  tends  to  set  itself  in  a  position,  as  far 

2s  possible,  inside  the  fixed  plates,  this  tendency  being  counter- 

^*^  by  the  weights  which  it  carries.     The  force  of  attraction  is 

proportional  to  the  square  of  the  potential  difference ;  the  movable 

^ductor,  of  course,  comes  to  rest  when  the  forces  due  to  the 


200  Elictrkal  Ensinnring 

eleclrosKtic  altraclion  and  to  gravitj  bilance,  and  this 
rest  is  indicated  by  a  light  pointer  moving  over  a  g^d^ 
This  scale  has  60  division.,  which  represent  equal  A^aa 
potential,  and  a  large  range  is  obtained  by  varying  theM 
weights.    When  a  weight  of  JJ'S  nnllignimmes  ,s  used,  the; 


moves  through  one  division  tot  a  potential  difference  of  Jo 
vnth  130  milligrammes  one  division  corresponds  to  100  vri 
with  sao  milligrammes  to  200  volts.     But  with  to, 
upward!  there  is  danger  of  sparking  between  the  p 
particular  instrument  ;  it  is,  however,  possible  to  inc« 
tance  between  them,  and  then  to  measure  much  hi. 
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iethod.  A  terminal  on  the  left-hand  side  of  the  case  is  connected 
\  the  fixed  brass  plates ;  while  one  on  the  right-hand  side  is 
lined  to  the  support  of  the  knife-edge,  thus  enabling  connection 
\  be  made  with  the  movable  aluminium  plate.  A  safety  fuse, 
Misisting  of  a  piece  of  fine  copper  wire  protected  by  a  glass  tube, 
;  introduced  between  the  fixed  plates  and  the  left-hand  terminal, 
0  that  should  a  spark  dart  across  between  the  plates,  the  fuse, 
rire  will  melt  and,  breaking  the  circuit,  prevent  the  establishment 
fan  *arc' 
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CHAPTER  VII. 


ELECTRO-MAGNETS—  ELECTRO- MAGNETIC   INDUCTION. 


It  has  been  observed  that  the  air  space  in  the  ndghl 
A  wire,  in  which  the  effect  of  a  current  travelling  in  the 
perceptible,  is  called  an  electro-magnetic  field,  and  that  the 
tion  in  which  the  force  in  this  field  acts  can  be  made  evi( 
meana  of  iron  filings,  which,  if  sprinkled  upon  a  sheet  of 
with  the  wire  passing  through  it,  arrange  themselves  in  cone 
circles  along  the  lines  of  force  round  the  wire.  And 
will  be  remembered  that  some  substances  offer  greater  ba 
than  others  for  the  propagation  of  these  lines  of  force,  and 
is  possible  to  alter  their  circular  form  by  bringing  near  them 
substance  through  which  they  pass  with  either  more  or  less 
than  through  the  air.  The  relative  capability  possessed  by 
stance  for  conducting  these  lines  of  force  is  known  as  its '] 
ability,'  and  it  is  obviously  desirable  that  some  method  of 
comparing  this  property  in  various  bodies  should  be  adopted 
permeability  of  air  ^  can  be  taken  as  the  standard,  and  tbe| 
meability  of  all  other  substances  measured  by  comparison 

If  a  piece  of  hard  steel  is  placed  in  any  magnetic  field, 
of  the  adjacent  lines  of  force  are  bent  out  of  their  previous 
and  converge  into  the  steel.     More  lines  of  force,  therefore^  I 
through  the  space  occupied  by  the  steel  than  passed  throu^| 
same  space  when  occupied  by  air  alone.     Hence  we 
that  the  lines  of  force  pass  through  steel  more  readily  than 
air,  or  the  permeability  of  steel  is  greater  than  that  of  air.| 
again,  the  steel  is  replaced  by  a  piece  of  soft  iron  of  similar! 
and  size,  even  more  lines  of  force  will  now  pass  through  thci 

>  The  permeability  of  a  vacuum  is  taken  as  unity ;  that  of  air  is  almon  < 
the  same,  and  is  a  more  convenient  standard. 
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space,  showing  that  the  permeability  of  soft  iron  is  still  greater 
than  that  of  steel.  In  fact,  the  permeability  of  any  substance 
might  be  measured  by  dividing  the  number  of  lines  of  force  which 
pass  through  it,  by  the  number  which  pass  through  the  same  space 
when  the  substance  is  removed,  the  strength  of  the  magnetising 
field  being  the  same  in  both  cases.  There  is,  however,  no  method 
available  for  determining  the  actual  number  of  lines  of  force  per- 
Tading  any  particular  space  or  substance.  The  nearest  approach 
to  such  a  desideratum  would  be  to  measure  the  relative  strength 
of  any  electro-magnetic  field,  or  of  any  given  portion  of  it,  because, 
as  might  be  supposed,  the  strength  of  the  field  varies  directly  as 
the  number  of  lines  of  force  pervading  it.  But  here  again  we  are 
beset  with  practical  difficulties,  for,  except  in  comparatively  simple 
cases,  even  this  is  not  ascertainable  directly,  and  can  only  be 
deduced  from  other  effects. 

It  is,  however,  possible  to  compare  the  strength  of  fields  by 
measuring  the  magnitude  of  various  phenomena  which  can  be 
made  to  take  place  in  them  ;  one  such  method  is  briefly  described 
at  the  end  of  this  chapter. 

We  can  thus  measure  the  strength  of  a  field  due  to  any  mag- 
netising force — that  is,  the  number  of  lines  of  force  passing 
through  any  given  air  space — and  then,  filling  that  same  space 
with  a  piece  of  iron,  measure  the  relative  number  then  passing 
through  the  iron.  The  number  of  lines  of  force  passing  through 
^  area  of  one  square  centimetre  taken  at  right  angles  to  them  is 
called  the  amount  of  magnetic  induction  ;  the  magnetic  induction 
through  the  air  space  is  equal  to  the  strength  of  the  field  (since 
the  permeability  of  air  is  i),  and  the  magnetic  induction  through 
the  ffon,  divided  by  the  strength  of  the  magnetising  field,  gives  the 
Pcnneability  of  the  iron. 

By  experimenting  in  this  way  it  has  been  proved  beyond  doubt 
^t  not  only  do  different  substances  possess  various  degrees  of 
Penneability,  but  also  that  this  property  may  vary  considerably  in 
the  same  substance  under  certain  conditions  ;  and  it  is  also  pos- 
sible to  arrange  the  various  substances  in  the  order  of  their  relative 
degrees  of  permeability.  The  most  permeable  material  known  is 
pure  soft  iron,  and  it  is  found  that,  generally  speaking,  as  the 
^dness  and  impurity  of  the  iron  increase,  so  its  permeability 
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decreases ;  that  of  hard  steel,  nickel,  and  manganese  being  con- 
paratively  low.  The  vast  majority  of  substances,  including  mac 
of  the  other  metals,  are  very  nearly  equal  to  air  in  this  respect 
while  the  permeability  of  a  few  metals,  including  bismuth  vk 
copper,  is  less  than  that  of  air.  To  take  the  two  extreme  castv 
the  permeability  of  iron  has  been  known  to  reach  as  high 
19,000 — that  is  to  say,  19,000  times  as  many  lines  of  force  hoel 
been  known  to  pass  through  a  certain  piece  of  iron  than  passei: 
through  the  equivalent  air  space  when  the  iron  was  absent,  liife 
that  of  bismuth  has  not  been  found  to  be  much  below  0*99996! 

This  property  is  very  important  in  some  practical  o] 
and  (especially  in  the  case  of  iron)  it  is  useful  to  know  the 
tions  under  which  it  varies  in  the  same  material.    We  have 
touched  upon  a  practical  application  in  the  case  of  a  hdix 
solenoid,  and  are  now  in  a  position  to  further  consider  the 
We  observed  that  the  electro-magnetic  effect  of  a  helix 
current  can  be  increased  in  two  ways — either  by  increasisg 
strength  of  the  current  and  so  increasing  the  actual  number  of 
of  force  produced,  whatever  that  number  may  be,  or  by  i 
the  effect  of  the  available  lines  of  force  by  making  as  maof 
them  as  possible  pass  through  that  space  near  the  ends,  where 
will  be  able  to  act  to  the  greatest  advantage.     The  permeal 
bismuth  and  copper  being  less  than  that  of  air,  either  of 
substances,  when  placed  in  an  electro-magnetic  field,  will 
the  number  of  lines  of  force  passing  through  the  spiace  niuch 
occupies ;  but  even  in  the  case  of  the  most  effective  su 
known,  viz.  bismuth,  the  difference   is  so  very  slight  that  it 
difficult  to  perceive  or  measure  it.     If,  however,  any  su 
were  to  be  discovered  with  a  permeability  very  muc^  less 
that  of  air,  one  way  of  leading  the  lines  of  force  throi^ 
desired  space  would  be  to  place  this  substance  in  that  pet 
the  field  from  which  it  is  wished  to  exclude  those  lines— thai 
to  say,  to  make  all  paths  but  the  right  one,  or  the  one  desiied, 
difficult  as  possible.     But  the  permeability  even  of  bismuth 
so  little  inferior  to  that  of  air,  the  only  available  method  of 
ing  the  desired  end  is  to  make  the  path  which  it  is  desired 
lines  of  force  should  take  as  easy  as  possible.     In  the  case  of 
solenoid  described  in  Chapter  IV.  we  wished  to  increase  its 
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by  leading  as  many  as  possible  of  the  lines  of  force  through  the 
cods  of  the  coil,  instead  of  allowing  them  to  leak  out  at  the  sides, 
and  for  this  purpose  fitted  it  wiih  a  soft  iron  core,  which  had  the 
desired  effect.  Since  the  permeability  of  different  quaHties  of  iron 
Taiies  so  much,  too  great  care  cannot  be  exercised  in  its  selection ; 
and,  experiment  having  shown  that  soft  annealed  Swedish  iron  is 
superior  to  alt  other  kinds,  this  should,  when  the  question  of 
opense  does  not  forbid,  be  used  in  ai!  cases  where  it  is  desired  to 
concentrate  the  lines  of  force  at  any  particular  point. 

It  will  be  remembered  that  a  helix  of  wire  fitted  with  an  iron 
core  is  called  an  electro- magnet,  and  electro -magnets  differ  in  shape 
and  arrangement  according  to  the  work  they  are  intended  to  per- 
fotm.  Thus,  if  it  were  wished  with  one  pole  of  an  electro -magnet 
to  repel  a  similar  pole  of  another  electro-magnet,  or  of  a  permanent 
steel  magnet,  with  as  much  force  as  possible,  it  should  be  made 
long  and  straight,  so  that  its  opposite  pole  might  be  as  far  away  as 
possible.  It  frequently  happens,  however,  that  an  electro-magnet 
is  required  either  to  support  a  heavy  weight  or  to  attract  another 
magnet  or  a  piece  of  iron  as  powerfully  as  possible.  It  is  then 
taoie  advantageous  to  allow  both  poles 
of  the  electro-magnet  to  act  together, 
and  this  can  be  accomplished  by  making 
it  somewhat  similar  in  shape  to  a  horse- 
shoe, and  so  bringing  the  poles  close 
together,  as  Js  the  case  in  fig,  1 1 1,  wind- 
ing the  wire  only  over  the  '  legs '  of  the 


In  designing  an  electro -magnet, 
therefore,  the  object  to  which  it  is  in- 
tended to  apply  the  apparatus  must  be 
kept  clearly  in  view,  and  it  is  necessary 
that  the  general  principles  underlying  the 
science  of  electro-magnetic  construction  should  be  now  considered, 
although,  under  the  most  favourable  circumstances,  these  laws  and 
principles  are  somewhat  complicated  and  involved,  and,  to  a  great 
extent,  indeterminate. 

In  the  generation  of  an  electro- magnetic  field  by  means  of  a 
solenoid  there  are  two  prime  features  to  be  taken  into  considera- 
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tion — viz.  the  strength  of  the  current  and  the  number  of  cc 
tions  of  wire  constituting  the  coil.  It  can  readily  be  seen  thail 
electro-magnetic  effect  produced  by  a  current  varies  direcdj 
the  strength  of  that  current,  so  that  to  double  the  intensitj  of  1 
field  developed  by  any  particular  coil  it  will  suffice  to  doable  i 
current  strength.  There  is,  therefore,  no  need  to  take  into 
the  resistance  of  the  wire,  except  in  so  far  as  it  may  modify 
current  strength,  the  resistance  varying,  of  course,  directly  as 
length,  and  inversely  as  the  square  of  the  diameter,  of  the  wire. 

As  the  current  strength  in  any  circuit  is  the  same  in  all 
or  at  all  points,  of  that  circuit,  the  electro-magnetic  field  dev< 
by  any  unit  length — say  one  inch  of  the  wire — is  exactly  equal  i 
that  developed  by  any  other  portion  of  the  circuit  of  equal 
It  follows,  therefore,  that  two  convolutions  or  turns  of  wire 
together  will  generate  a  field  twice  as  strong  as  that  which  can 
developed  by  either  of  the  turns  taken  separately  ;  and, 
generally,  it  can  be  said  that  the  field  developed  by  a  sol 
varies  in  strength,  directly  as  the  number  of  convolutions 
this  will  be  true  whatever  the  nature  of  the  material  fonnii^ 
conductor,  or  whatever  its  resistance.     Nor  does  the  diameterl 
the  circle  described  by  the  wire  when  coiled  into  a  long 
materially  affect  the  strength  of  the  field  developed  at  its 
unless  the  diameter  exceeds  about  one  half  the  length  of  the* 
The  dimensions  of  the  iron  forming  the  core  have  also  to  bei 
into  account,  but  that  topic  will  be  considered  presently. 

Placing  these  two  factors  together,  then,  the  field 
by  an  electro-magnet  can  be  said  to  vary  directly  as  the 
strength,  and  directly  as  the  number  of  convolutions  of  wire,  of  ^ 


M 


c«, 


where  m  is  the  strength  of  the  field,  c  the  strength  of  the 
and  n  the  number  of  turns. 

Since  c  is  measured  in  amperes,  this  simple  formula  ib  i 
quently  expressed  by  saying  that  the  field  varies  as,  or  is  equal 
the  *  ampere-turns.'    As  the  number  of  lines  of  force  is 
tional  to  the  length  of  the  wire  and  the  current  flowing 
it,  it  would  be  more  correct  to  speak  of  the  magnetic  efied 
being  proportional  to  the  ampere-feet  or  ampere-}'ards ;  ba: 
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ae  term  ampere-turns  is  generally  adopted,  we  also  make  use 
4"  it. 

We  stated  just  now  that  the  diameter  of  the  coil  was,  with  a 
ertain  reservation,  immaterial ;  but  it  must  be  remembered  that^ 
apposing  the  number  of  cells  in  the  battery  to  be  a  fixed  quantity, 
toy  increase  or  decrease  in  the  diameter  of  the  coil  must  proportion 
%  increase  or  decrease  the  length  of  the  wire  and  its  resistance, 
md  cause  thereby  a  decrease  or  increase  in  the  current  strength, 
unless  this  variation  in  the  length  of  wire  is  accompanied  by  a 
corresponding  variation  in  its  cross-section,  so  as  to  keep  the  re- 
sistance constant.  The  all-important  Ohm's  law  must  always  be 
kept  well  in  view  in  making  any  changes  of  this  sort,  or  serious 
difficulties  will  arise.  Let  us  suppose  that  a  wire  offering  5  ohms 
resistance  is  coiled  into  a  solenoid  composed  of,  say,  lo  turns, 
ind  forming  one  single  layer,  and  that  a  current  from  5  cells  of 
a  volts  electro-motive  force  and  i  ohm  resistance  per  cell  passes 
through  the  coil.  The  current  strength,  supposing  the  connecting 
wires  to  be  short  and  thick,  and  to  have  therefore  no  appreciable 
resistance,  will  be 

c  =: =  I  amr)ere, 

5  +  5  "^ 

and  the  field  will  be  proportional  to 

CX/f  =  I  X  10  =  ID. 

;  If,  now,  to  produce  an  increased  field,  another  similar  layer  of 
I  'nre  is  wound  over  the  first,  the  number  of  turns  will  be  doubled, 
j  but  the  resistance  of  the  coil  will  be  more  than  doubled,  for  the 
I  toaeter  of  the  outer  layer  will  be  greater  than  that  of  the  inner. 
1  Supposing,  however,  the  difference  in  diameter  to  be  so  small  as 
'  to  make  no  material  difference  in  the  length  of  the  wire,  the  current 

strength  will  be  -  --  =  -66, 

10  +  5 

and  the  electro-magnetic  field 

o*66x20  =  13*2. 

Similarly,  with  a  third  layer,  the  current  becomes 

15  +  5        ^' 
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and  the  field 

0-5x30=  15-0. 

The  multiplication  of  the  layers,  therefore,  does  not  piojl 
tionally  increase  the  strength  of  the  field.  On  the  other  hsad, 
consumption  of  materials  necessary  to  the  generation  of  the 
rent  is  reduced,  and  the  economy  of  the  system  proi 
increased.  If,  therefore,  a  coil  of  99  layers  were  employed, 
supposing  for  the  moment  all  the  turns  to  be  of  uniifonn 
and  resistance,  the  arrangement  would  be  very  economical,  fer 
current  would  be  only 

10 

=s  "02, 

495  +  5 
while  the  field  would  be 

002  X990  =  19*8. 

But,  of  course,  the  length  of  wire  composing  the  ninety- 
layer  would  be  considerably  greater  than  that  forming  the 
Now,  the  circumference  of  a  circle  varies  directly  as  its 
and  is  equal  to  2  tt  r,  where  w  is  the  ratio  between  the 
ence  of  a  circle  and  its  diameter,  or  3*1416,  and  r  is  die 
the  circle.      If,  therefore,  the  diameter  of  the  outside 
actually  .twice  that  of  the  inside,  the  length  of  the  wire  in 
the  larger  turns,  and  consequently  in  the  whole  layer, 
exactly  doubled,  and  its  resistance  doubled  also  j  and  the 
diate  layers  will  vary  proportionally.     But  the  actual  n 
the  whole  coil  can  be  easily  calculated,  for  if  the  radius  of  the 
layer  is  half  an  inch  and  of  the  outside  layer  one  inch,  the 
or  average  radius  will  be  three-quarters  of  an  inch — that  is  to 
the  length  of  wire  in  the  fiftieth  layer  will  be  half  as  long 
that  in  the  first.     Its  resistance  will  therefore  be  7*5  ohms, 
larly,  the  resistance  of  the  first  and  last  layers  together 
15  ohms,  or  an  average  of  7*5  ohms  per  layer,  and  this  will  be 
of  every  similarly  situated  pair  of  layers,  so  that  the  total 
of  a  number  of  layers  is  equal  to  the  resistance  of  the  middlci 
average  layer  multiplied  by  the  number  of  layers.     In  the 
under  consideration  the  resistance  will  be 

R  =  7-5x99  =  7425, 
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he  current  strength 

he  electro-magnetic  field 

o'oi33X99o  =  13*167. 

ft  now,  we  suppose  the  number  of  layers  to  be  again  doubled, 
the  mean  radius  increased  thereby  to  i  inch,  the  mean  or 
(ge  resistance  will  be  10  ohms  per  layer,  and  the  total  resist- 
ed the  198  layers  1,980  ohms.     The  current  then  becomes 

10 . 

1980+5"" 
the  electro-magnetic  field  becomes 

0*005  X  19^0  =  9'9* 

lie  addition  of  layers  of  wire  after  a  certain  point  has  been 
led  has  the  result,  therefore,  of  so  increasing  the  proportional 
ance  as  to  reduce  the  effect  which  can  be  developed  by  any 
\  battery,  and  this  limit  of  usefulness  or  efficiency  is  reached 
I  the  maximum  radius  is  twice  that  of  the  bottom  or  first  layer. 
?hen  the  field  due  to  a  certain  coil,  with  inside  and  outside 
s  having  resistances  of  i  :  2,  is  insufficient  for  a  given  purpose, 
y  become  advantageous  to  re-wind  the  bobbin  with  wire  of  a 
Icr  gauge,  so  as  to  get  p,^  ,„ 

ater  number  of  turns 
die  same  compass.  A 
SDce  to  the  diagram, 
rt2,  will  "simplify  the 
I  difficulties  involved 
consideration  of  this 
ar.  Let  us  suppose  the  figure  to  represent  a  wooden  or 
ite  bobbin,  and  that  the  length,  /,  of  the  space  occupied  by 
oil  or  the  distance  between  the  *  cheeks '  of  the  bobbin,  is 
kes,  while  the  radius,  tf  i,  of  the  bottom  layer  to  be  wound  is 
liter  of  an  inch,  and  the  extreme  radius,  a,,  of  the  coil  three- 
ters  of  an  inch.     The  mean  radius  a  will  be  half  an  inch,  or 

^  =  «i  +  ?l=.5. 

2 
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The  total  thickness,  /,  of  the  coil  or  of  the  layere  wiU  also 
half  an  inch,  or 

t  =  ^2-^1  =  '5- 

As  we  have  already  seen,  the  length  of  one  turn  of  liie" 
radius  a^  will  be  2  ir  Aj,  and,  it  there  are  n  turns  in  that  layer, 
length  of  wire  composed  in  it  will  be  2  7  ^i  x  ji.     Supposing 
to  be  m  layers  in  the  coil,  having  the  mean  radius  a,  tbe 
length  L  will  be 

L  =  2  IT  a  X  »  X  /// 0 

Now,  as,  in  winding  a  number  of  layers  of  wire  in  a  coil,  cadii 
must  somewhere  or  other  cross  the  subjacent  turn,  it  foQoirs 
the  turns  of  any  one  layer  cannot  be  placed  evenly  in  the 
or  recesses  between  the  turns  of  the  layer  immediately 
it ;  or,  in  other  words,  if  we  assume  the  wire,  with  its  ii 
covering,  to  have  a  diameter,  dy  the  section  of  the  space 
or  appropriated  by  that  wire  will  really  be  a  square  whose 
equal  to  d.     Consequently,  in  one  layer  the  number  of 
will  be 


n  = 


/ 


and  the  number  of  layers,  w,  will  be 


m  s= 


Substituting  these  values  for  m  and  »  in  (i)  we  get 

L  —  27rax    ,X  — = .     . 

d     d  d^ 

For  example,  let  the  diameter  of  the  wire,  with  its  ii 
coating,  be  50  mils  (the  mil  is  the  thousandth  part  of  an 
then  the  length  of  this  wire  that  would  be  required  to  91 
bobbin  illustrated  in  fig.  112  would  be 

^  ^  2(3'Mi6)  xp-5  X 3_xo:5  ^  .gg^  inches  =  52*  pA 

(o-o5)«  ^  ^  ^^ 

We  are  thus  able  to  calculate  not  only  the  length  d^ 
required  to  fill  any  bobbin,  but  also  its  resistance^  the 
per  unit  of  length  being  ascertainable  from  tables.     Moreovd|l 
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I  number  of  turns  of  wire  can  be  easily  calculated,  for,  m  being 
number  of  layers,  and  n  the  number  of  turns  in  each  layer 
product  m  n  will  give  the  total  required,  but 

m  =-,,  and  «  •=  -  ; 
a  a 

tl 

•     • 

or  mn^=i  .  y-   3  =  600  turns. 

%  for  the  sake  of  simplicity,  we  suppose  the  wire  employed  to 
:  a  resistance  of  ci  ohm  per  yard,  the  current,  with  the  same 
cry  as  that  previously  used,  will  be 

c= =0-977, 

5-23  +  5 

the  field  developed  will  be 

o*977  X  600  =  586-2. 

Is  in  the  previous  example,  so  in  this,  doubling  the  number 
yers  reduces  the  effective  power  of  the  coil.  In  working  this 
it  must  be  observed  that  /,  now  becomes  i  inch ;  therefore, 
,  the  mean  radius  {a^  of  a^  and  a^  becomes 


""  —'  =  075, 

1  x/x/, 

_  2(3-1416)  X  075x3 

XI 

d^ 

(o-o5r 

=  157  yards ; 

c 

157  +  5             ^ 

lice 

»the  number  of  turns,  ntfty  being  1,200,  the  field  developed 
be 

0-483x1200  =  579-6, 

omewhat  less  than  with  only  600  turns. 
Let  it  now  be  supposed  that  a  given  bobbin — say  of  the 
iCDsions  shown  in  fig.  112 — is  to  be  filled  with  copper  wire 
ich  shall  offer  a  definite  resistance,  say  5  ohms.    There  are 

p  2 
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thus  only  three  quantities  known,  viz.  the  dimensions  of  the  bobbin, 
the  resistance  which  the  coil  is  to  offer,  and  the  specific  resistance 
of  the  copper ;  while  the  length  of  the  wire  and  its  diameter  ait 
unknown  and  require  to  be  ascertained.  The  space  in  which  the 
wire  is  to  be  wound  can  be  calculated  from  the  given  dimensions, 
for,  V  being  this  space  or  volume, 

v  =  ^/(a,«-a,«), (I). 

or  V  =  3*1416  X3(75«~*25«) 
=  47124  cubic  inches. 

But  supposing,  as  will  be  actually  the  case,  that  the  wire,  whose 
diameter  is  d^  occupies  the  same  space  that  it  would  take  were  it 
to  be  square  instead  of  round,  then,  manifestly, 

V  =  L  X  <^ (2) 

As,  also,  the  total  resistance  of  the  wire  varies  directly  as  is 
length,  directly  as  its  specific  resistance  5  (which,  in  this  case,  t 
take  as  the  resistance  per  cubic  inch),  and  inversely  as  the  arei  cf 
cross-section  of  the  wire, 

area 
But  the  area  of  the  insulated  wire  is  equal  to  jt  r*,  or  x(  - )  ,tlat 

is,  IT  -. 

4 

L  X  J 

Therefore  r  =  -^ , 

•K — 

4 

,      .  d} 

that  IS,  R  TT—  =  L  J, 

4 

or  R  TT  ^  =:  4  L  X, 

and  d^  =  ^±l (51 

Rir 

But  from  (2)  it  will  also  be  seen  that 

^=- (4 

Consequently  i_:_=  - (5). 

'  Rtt         L 
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and 

4  L"  J  =  TT  R  V. 

Therefore 

2_TRV 
4^    ' 

and,  finally, 

L=.  A^^ 

(6). 
4^ 

By  inserting  the  numerical  values  on  the  right-hand  side  of 
this  equation,  the  length  l,  having  the  required  resistance,  can 
therefore  be  found,  after  which  we  can,  by  equation  (4),  determine 
also  the  gauge  of  the  wire.  It  must,  however,  be  noted  that,  for 
simplicity,  d  is  taken  as  the  diameter  of  the  bare  wire  in  equation 
(2),  thus  rendering  the  result  only  approximate  \  but  when  the 
thickness  of  the  wire  is  great  as  compared  with  that  of  the  insu- 
lation, the  formulae  approach  very  closely  to  the  truth. 

It  is  frequently  useful  to  know  the  exact  length  of  any  par- 
ticular wire  which  can  be  wound  on  any  particular  bobbin,  and, 
knowing  v  and  dy  this  can  be  easily  ascertained,  for,  if  d^  represents 
the  outer  diameter  of  the  wire  and  its  covering,  v  the  volume  of 
the  wire-space,  and  l  the  required  length,  then 

So  far,  very  little  has  been  said  concerning  the  dimensions  and 
nature  of  the  core,  beyond  the  feet  that  it  should  have  the  highest 
possible  d^;ree  of  permeability,  and  be  constructed,  therefore,  of 
the  best  annealed  iron,  and  that  there  is  a  limit  to  the  number  of 
lines  of  force  which  can  easily  be  passed  through  an  iron  core. 
These  considerations  render  necessary  the  employment  of  a  rela- 
tively massive  core,  having,  for  the  best  electro-magnetic  effect,  a 
diameter  equal,  at  least,  to  the  thickness  of  the  coil  with  which  it 
is  to  be  surrounded — that  is  to  say,  its  diameter  should  correspond 
to  the  thickness  /  in  the  ideal  coil  illustrated  in  fig.  112.    It  is  here 
that  the  question  of  relative  permeability  has  to  be  taken  into  con- 
sideration, for  it  has  been  experimentally  demonstrated  that  there 
is  a  limit  to  the  number  of  lines  of  force  that  can  be  transmitted 
by  a  given  mass  of  iron,  and  that  this  limit  is  soon  exceeded  when 
the  diameter  of  the  core  of  an  electro-magnet  is  small  as  compared 
with  that  of  the  coil  which  surrounds  it.    The  permeability  of  a 
rod  of  iron  decreases  as  the  lines  of  force  passing  through  it 
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increase,  so  that,  beyond  a  certain  point,  a  considerable  inaease 
in  the  strength  of  the  current  makes  but  little  difference  in  the 
electro-magnetic  force  developed  at  the  poles.  When  it  ths 
becomes  very  difficult  to  urge  additional  lines  of  force  throu^  t 
piece  of  iron,  it  is  said  to  be  magnetically  'saturated,'  but  do 
definite  point  has  yet  been  reached  at  which  it  can  be  said  to  be 
absolutely  impossible  to  increase  the  number.  Many  definition 
of  the  so-called  'saturation'  point  have  been  given,  but  thej 
are  generally  based  upon  a  misconception  of  the  question,  aiul 
some  of  them  are  altogether  misleading.  There  is  abundant  en- 
dence  of  this,  if  evidence  were  wanting,  in  the  fact  that  no  tio 
authorities  have  yet  been  able  to  agree  upon  the  saturation  pcHUi 
even  of  iron,  to  say  nothing  of  steel,  and  the  majority  are  satisfied 
by  referring  to  historic  experiments,  which,  however,  were  maik 
at  a  time  when  iron,  such  as  is  now  in  every-day  use,  was  unobtxa- 
able.  As  a  matter  of  fact,  if  loo  different  samples  of  ironvoe 
taken  and  experimented  upon,  it  is  more  than  likely  that  as  maof 
different  results  would  be  arrived  at,  for  the  saturation  poiot 
depends  solely  upon  the  permeability,  and  the  permeability  of  ai^ 
particular  piece  of  metal  depends  greatly  upon  its  molecsbr 
structure.  Now,  the  permeability  of  air  is  constant,  although  it  ii 
low  as  compared  with  a  piece  of  '  unmagnetised  '  iron.  In  otber 
words,  there  is  no  magnetic  saturation  point  for  air,  so  that,  thnx;^ 
an  air-space  which  already  has  a  great  number  of  lines  of  fbfoe! 
traversing  it,  it  is  as  easy  to  urge  more,  as  it  would  be  if  there  ipoci 
none  already  in  existence.  It  follows,  therefore,  that  at  a  certaai 
stage  of  the  magnetising  force  developed  in  or  by  a  coil  of  vs^j 
the  permeability  of  air  equals,  and  beyond  that  stage  exceeds,  tbij 
permeability  of  iron.  A  consideration  of  these  points  demonstiao 
that  the  core  of  an  electro-magnet  should  be  sufficiently  massii^ 
to  prevent  the  saturation  point  being  reached,  or,  at  any 
passed,  when  the  maximum  current  which  it  is  intended  that 
coil  shall  carry  is  passing.  This  will  be  evident  by  a  referenoe 
fig.  113,  in  which  the  relative  strengths  of  the  magnetic 
under  different  conditions  are  shown  by  the  'curves'  plotted 
on  a  sheet  of  *  squared '  paper.  This  squared  paper  is  ex- 
useful.  It  is  usually  ruled  with  a  number  of  equidistant  h 
and  vertical  lines,  the  former  being,  however,  omitted  in  the 
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Btance.  Let  it  be  supposed  that  the  hne  o  D  is  divided  into  a 
amber  of  equal  parts,  corresponding  to  the  various  current 
rengths,  so  that  from  o  to  the  tenth  division  would  represent  five 
mes  ihe  current  strength  that  would  be  indicated  by  two  such 
tvisions.  Let  us  also  suppose  that  o  m  is  divided  equally,  and 
at  the  divisions  correspond  to  the  various  magnetic  effects  pro- 
oced  by  an  electro-magnet  upon  a  compass  needle  balanced  at 
me  distance  from  it,  and  in  the  same  horizontal  plane  as  the  axis 
r  the  coil.  Let  us  now  suppose  currents  of  various  strengths, 
idicaied  by  the  distances  along  o  d,  to  be  sent  through  the  coil. 


FRi. 


■TRENCTH  OF  EXCITIHC    CUKRtNT. 

«  effect  which  the  coil  with  its  core  exerts  upon  the  compass 
eedJe  can  be  marked  oif  from  the  line  o  m  upon  the  various  or- 
inates  projected  from  o  d.  The  thick  upper  curve  o  a  drawn 
litough  the  intersecting  points  shows  graphically,  by  its  distance 
«n  0  D,  the  deflecting  effect  produced  upun  the  netdle  ^y  the 
irious  currents  corresponding  to  the  distances  along  o  d.  Let  U 
e  fimher  supposed  that,  without  in  any  way  altering  the 
f  the  needle  or  of  the  coil,  the  core  is  withdrawn  and  the  V 
"trents  again  sent  through  the  coiL  Then  the  various  ii 
ftws  of  the  coil  upon  the  needle  are  clearly  indicated  byW 
tnrve'  oe,  which,  in  this  case,  i 

es,  therefore,  that  the  field  produced  t 
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portional  to  the  current  flowing  through  it  The  third  curve  oc 
is  particularly  interesting.  Suppose  the  magnetic  effect  due  to  the 
coil  alone,  and  represented  by  the  distance  d  b,  to  be  deducted 
from  the  joint  effect  produced  with  the  same  current  by  the  cdk 
and  coil  combined,  and  represented  by  the  distance  d  a,  then  the 
remainder  d  c  will  represent  the  effect  produced  by  the  axeakut 
And  if  this  subtracting  process  is  carried  out  along  each  of  tk 
ordinates,  the  curve  o  c,  known  as  the  curve  of  magnetisation,  vil 
be  produced.  Now,  it  will  be  observed  that,  after  a  certain  point  his 
been  reached,  this  curve  becomes  a  nearly  horizontal  straight  Hne, 
indicating  that  the  saturation  point  of  the  iron  has  been  reached 
and  that  any  further  increase  in  the  current  strength  does  not  add 
appreciably  to  the  magnetisation  of  the  core,  the  increase  in  the 
strength  of  the  field  developed  being  that  due  to  the  coil  itsdt 
The  two  curves  o  c,  o  b,  would,  if  the  experiments  were  carried  iff 
enough,  intersect,  at  a  point  where  the  permeability  of  the  « 
equals  that  of  the  saturated  iron. 

Pure  soft  iron  has  another  property  which  recommends  is 
adoption  for  the  cores  of  electro-magnets,  and  that  is  its  kff 
*  retentivity,*  for,  as  a  rule,  electro-magnets  are  required  to  devdofi 
as  strong  a  field  as  possible  at  some  particular  point  direcdj  tk 
current  commences  to  flow,  and  to  lose  or  be  deprived  of  all  tno* 
of  magnetisation  on  the  cessation  of  the  current  Steel,  as 
have  already  seen,  always  retains  a  large  proportion  of  the  magneoe 
state  impressed  upon  it  by  the  projection  of  an  electro-magnesk 
field  through  it,  or,  in  ordinary  language,  it  retains  the  magnetisfl 
imparted  to  it.  Hard  and  impure  iron  have  similar  propeitiey 
inferior  only  to  steel  itself.  There  is  no  doubt  that  these  p«^ 
ties  of  permeability  and  retentivity  are  very  largely  governed  If 
the  molecular  structure  of  the  iron  or  steel,  and  by  the  greater  oi 
less  rigidity  obtaining  among  the  particles  of  the  metal  In  bOk 
the  two  properties  go  together ;  for  all  qualities  of  iron  or 
through  which  it  is  difficult  to  urge  the  lines  of  force,  or  to 
netise,  are  found  to  be  correspondingly  obdurate  when  it  is 
to  demagnetise  them,  or  deprive  them  of  magnetisation, 
is,  therefore,  a  double  gain  in  employing  pure  soft  iron,  for 
only  is  its  permeability  greater,  but  its  retentivity  is  also  less  that 
that  of  impure  or  hard  iron. 
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On   the  other  hand,  in  selecting  a  material  for  permanent 
aa^nets,  the  principal  thing  to  be  considered  is  the  retentivity, 
rhich,  of  course,  should  be  as  high  as  possible.     No  substance 
las  yet  been  found  which  is,  in  this  respect,  superior  to  good  hard 
teel.      Some  specimens  of  steel  have  been  made  so  hard  that 
fiorts  to  magnetise  them  have  proved  futile.    One  of  the  most 
emarkable  features  to  be  observed  in  this  matter  is  the  extra- 
ordinary effect  produced  by  the  admixture  of  a  small — one  might 
ilmost  say  a  minute— proportion  of  other,  or  foreign,  substances 
irith  the  iron.     Just  as  a  fractional  proportion  of  iron  or  other 
metal  added  to  copper  causes  a  large  increase  in  its  electrical  re- 
sistance, so  the  addition  of  carbon,  tungsten,  phosphorus,  sulphur, 
arsenic,  &c.,  to  iron,  reduces  its  permeability  and  also  increases  its 
letentivity.      This  reduced  permeability  corresponds,  in  many 
respects,  to  increased  electrical  resistance  in  a  conductor,  and  is,  in 
f&ct,  sometimes  referred  to  as  increased  magnetic  resistance.     In 
the  case  of  ordinary  steel  the  retentivity  is  evidently  due,  in  a 
g^eat  measure,  to  the  presence  of  carbon,  and,  with  a  bar  of  good 
magnet-steel,  the  permeability  is  so  feeble,  and  the  retentivity  so 
great,  that  it  is  impossible,  by  electro-magnetic  induction,  to  upset 
the  molecular  arrangement  in  the  interior  of  the  bar,  so  that  the 
magnetisation  is  in  reality  only  skin-deep.     This  can  be  easily 
proved  by  magnetising  a  small  piece  of  very  hard  steel  and  then 
immersing  it  in  dilute  sulphuric  or  hydrochloric  acid.     In  a  few 
moments  the  surface  of  the  metal  will  have  been  dissolved,  and  on 
withdrawing  it  from  the  liquid  all  trace  of  magnetisation  will  have 
disappeared.     Consequently,  it  is  preferable,  in  making  a  large 
permanent  magnet,  to  build  up  a  number  of  thin  strips  of  steel 
cut  to  size  and  then  magnetised  separately.      On  fastening  them 
together,  the  built-up,  or  *  laminated,'  magnet  will  be  found  capable 
of  producing  a  far  stronger  field  than  can  be  obtained  with  any 
solid  magnet  of  similar  dimensions.    It  should,  however,  be  added 
\hat  in  building  up  a  compound  magnet,  or  '  magnetic  battery,' 
there  is  no  advantage  in  employing  brass  screws  or  bolts  to  fasten 
the  individual  magnets  together  as  is  usually  done.     In  fact,  this 
plan  cannot  but  disperse  the  lines  of  force  passing  through  the 
magnets,  and  therefore  weaken,  more  or  less,  the  polar  strength. 
Iron  screws  or  bolts  are  mechanically  and  magnetically  preferable. 
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It  is  interesting  to  notice  that  specimens  of  steel  ha?e  been 
made,  containing  12  per  cent,  of  manganese,  which  it  has  bees 
found  practically  impossible  to  magnetise  even  under  the  infticfioe ; 
of  a  very  powerful  field.      Probably,  the  magnetic  rductanct*  i 
molecular  rigidity,  magnetic  inertia,  or  whatever  else  we  may  chooK ' 
to  call  that  property  of  steel  which  our  forefathers  knew  as  cocfciie 
force,  is  so  great,  that  to  overcome  it  is  impossible.  Similar  resob 
follow  when  the  proportion  of  carbon,  phosphorus,  sulphur,  &x^ 
mixed  with  the  iron  exceeds  a  certain  small  limit,  while  die  admix* 
ture  of  even  the  smallest  percentage  of  antimony  suffices,  a  • 
alleged,  to  destroy  all  trace  of  magnetic  properties.    There  shooid 
certainly  be  a  large  field  of  practical  utility  open  to  the  economacat 
manufacture  of  unmagnetisable  iron.   For  example,  thebed-pbta 
of  dynamos  are  sometimes— and  used  to  be  even  more  estensiidf 
than  now — separated  from  the  field-magnets  by  huge  slabs  of  aai;; 
because,  otherwise,  they  would  form  what  may  be  called  a  magnefic 
short-circuit  between  the  poles  of  the  field-magnets.    Zinc  ii 
mechanically  much  weaker  than  iron,  and  this,  added  to  its  vcff 
much  higher  price,  renders  its  use  highly  objectionable.    ToJwa4 
the  difificulty,  dynamos  are  rarely  designed  now  with  their  pflk 
pieces  downwards,  but  are  turned  about  so  that  the  bed-plitt 
is  connected  to  the  yokes  or  magnetically  neutral  portions  of  ill 
field-magnets.     Under  such  circumstances  only  a  very  few  of 
lines  are  wasted  by  passing  through  the  bed-plate.     Reveitin| 
the  question  of  magnetic  inertia,  it  may  be  mentioned  that 
cause  which  may  operate  to  set  up  molecular  vibrations  in  a 
of  iron  or  steel  facilitates  either  magnetisation  or  dei 
— that  is  to  say,  if  the  metal  is  placed  in  a  magnetic  fi^d  and 
vibrations  set  up  in  it,  it  will  be  more  readily  and  more 
magnetised  than  would  be  the  case  were  the  vibrations  not  setiHj 
and,  conversely,  a  magnet  loses  its  magnetisation  by  being  set  ii 
vibration,  due  to  the  fact  that  facilities  are  thereby  afforded  for  tli^ 
individual  particles,  which  are.themselves  magnets,  to  partiaDy rotaMJ 
and  form  little  closed  magnetic  circuits  in  the  mass  of  the  HKOij 
These  vibrations  can  be  caused  by  heating,  hammering,  twista|| 
or  any  other  similar  violent  treatment.     Hence,  steel  magiDcd 
should  always  be  placed  down  gently,  and  never  dropped  or  thn7il| 
down,  otherwise  the  magnetisation  will  be  more  or  less  destfo^fcij 
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K  magnet  raised  to  a  red-heat  loses  its  magnetisation  entirely^ 
ind  this  can  easily  be  demonstrated  by  heating  a  magnetised  sew- 
ing needle  in  a  gas  flame. 

By  adopting  the  precautions  referred  to,   magnets  can  be 
naade  capable  of  sustaining  considerably  more  than  thirty  times- 
their  own  weight,  but  a  description  of  the  method  practically 
adopted  for  the  manufacture  of  permanent  steel  magnets  capable 
for  some  years  of  supporting  about  twenty-five  to  twenty-eight 
times  their  own  weight  may  prove  serviceable.   In  this  case,  the  best 
tangsten  steel  is  employed.   It  is  heated  gently  to  a  dull  red  heat  and 
lammered  into  the  required  shape,  care  being  taken  not  to  raise 
fte  temperature  too  high,  or  the  tungsten  will  be  volatilised.     A 
small  magnet  may  therefore  require  to  be  placed  in  the  fire  several 
times  before  the  necessary  shape  has  been  obtained.    This  pro- 
cess being  completed,  the  steel  is  then  hardened  by  being  first 
placed  in  a  close  fire  out  of  contact  with  air,  so  as  to  ensure  uni- 
form heating  and  to  prevent  the  formation  of  a  hard  scale  of  iron 
oxide.     It  is  then  dipped  into  a  water  bath.     This  latter  process 
must  be  carefully  attended  to,  or  the  metal  will  be  twisted  or 
otherwise  distorted.     It  should  be  held  vertically,  and,  if  of  the 
horse-shoe  pattern,  its  extremities  should  be  dipped  in  first,  the 
metal  being  steadily  lowered  into  the  water.     The  next  process  is 
that  of  polishing,  after  which  it  is  passed  a  few  times  over  the 
poles  of  a  large  and  powerful  permanent  magnet,  the  steel  being 
turned  over  once  or  twice  so  as  to  magnetise  both  faces.    Of 
course,  a  large  electro-magnet,  with  a  powerful  current  circulating 
through  its  coils,  can  be  employed,  but  the  other  form  is  quite 
efficient  and  certainly  much  less  troublesome. 

We  have  not  yet,  however,  said  all  that  requires  to  be  said 
opon  the  subject  of  electro-magnets.  One  important  detail,  so  far 
n^lected,  is  the  length  of  the  coil  and  of  the  core,  as  compared 
with  the  diameter.  It  has  already  been  laid  down  that  the 
maximum,  or  outside,  diameter  of  the  coil  should  not  exceed  three 
limes  the  diameter  of  the  core ;  but  although  it  is  often  stated 
that  the  best  result  is  obtained  when  the  length  of  the  core  is  six 
times  its  diameter,  we  have  failed  to  discover  any  universal  reason 
for  such  a  proportion.  As  a  matter  of  fact,  with  a  bar-magnet, 
where  we  desire  to  employ  only  one  pole,  and  wish  to  mask  or  get 
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rid  of  the  effect  of  the  other,  there  is  a  decided  advantage  in  vbb^. 
a  core  of  much  greater  proportional  length,  and  if  we  are  restridd 
as  to  the  quantity  of  wire  to  be  employed,  we  can  then  wind  fe»tr 
layers  over  a  long  piece  of  iron  than  would  be  wound  oferi 
shorter  piece.  By  so  doing  we  should  reduce  the  distance 
between  the  iron  and  the  wire,  and  therefore,  with  the 
resistance,  the  number  of  lines  of  force  passing  through  the 
would  be  correspondingly  increased.  Supposing,  however,  te 
same  proportion  to  be  maintained  between  the  respective  &• 
meters  of  the  lengthened  core  and  its  coil,  and  the  gauge  of  tli 
wire  increased  so  as  to  maintain  a  constant  resistance  and  c( 
number  of  turns,  the  polar  strength  developed  close  to  one  cndi 
the  core  will  vary  as  the  square  of  the  length  of  the  core,  i»ovic 
however,  that  the  core  is  not  so  extensively  lengthened  as  to 
many  of  the  Hnes  of  force  to  '  leak  out  *  at  the  sides  of  the 
This  limit  will,  of  course,  vary  with  different  qualities  of  iron, 
the  question  is  mainly  one  of  relative  permeability.  Soi 
there  is  an  advantage  in  using  very  short  electro-magnets,  as, 
example,  when  it  is  desired  to  obtain  one  which  shall 
promptly  to  variations  or  reversals  of  the  magnetising  currenL 

So  far,  we  have  only  considered  electro-magnets  in  which 
wire  is  wound  evenly  throughout  their  length,  but,  for  some  pi 
it  is  preferable  to  vary  the  method  of  winding.     If,  for  exampk^^ 
is  desired  to  construct  a  bar-magnet  which  shall  develop  a 
powerful  field  close  to  its  extremities,  but  which  is  not  wanted 
exert  any  force  at  a  comparatively  greater  distance,  then  the 
form  to  give  to  the  piece  of  apparatus  is  that  in  which  the  wire 
*  coned  up '  near  the  ends — that  is  to  say,  where  a  large 
of  layers  is  wound  over  the  ends,  the  number  decreasing  towards 
middle,  few  or  none  being  wound  over  the  central  portion  of 
<:ore,  although  at  no  point  should  the  wire,  as  a  rule,  be  wound 
more  than  three  times  the  diameter  of  the  core.    The  lines 
force  in  such  an  electro-magnet  will  be  powerfully  developed 
the  ends,  and  there  will  be  little  tendency  for  them  to  leak 
On  the  other  hand,  they  will  make  much  smaller  air-curves 
would  result  from  an  equal  length  of  wire  wound  evenly  along 
entire  length  of  the  core. 

The  horse-shoe  form  is  only  adopted  when  it  is  desied 
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ert  the  maximum  attraction  upon  a  piece  of  iron  placed  near  it 
it  were  placed  at  any  considerable  distance  compared  with  the 
itance  between  the  magnet  poles,  most  of  the  lines  of  force 
mid  pass  across  the  air  space  from  one  pole  to  the  other  without 
lering  the  iron.  But  such  a  magnet  obeys  the  same  law  that 
lids  good  for  bar  magnets  so  far  as  the  relative  strength  of  the 
ignet,  when  traversed  by  various  currents,  is  concerned.  That 
to  say,  if  we  have  an  electro-magnet  developing  a  field,  at  a 
ten  distance  the  strength  of  the  field  will  vary  directly  as  the 
length  of  the  current  producing  it.  When,  however,  a  piece  of 
ft  iron  is  placed  in  the  field,  the  lines  of  force  are  diverted,  and, 
using  through  it,  endow  it  with  magnetic  polarity,  and  the 
datity  developed  varies  directly  as  the  number  of  lines  passing 
nmgh  it,  or  as  the  strength  of  the  current.  Such  a  piece  of  iron 
called  an  armature,  but  we  may  regard  it  for  the  time  being  as 
other  magnet,  and  when  we  have  two  magnets  mutually  attract- 
J  one  another,  the  force  of  attraction  is  proportional  to  the  pro- 
XX  of  their  magnetic  strengths,  or  the  force 

f\mx  w„ 

ere  m  is  the  strength  of  one  magnet,  and  nix  ^^  of  the  other 
r  of  the  armature). 

li,  now,  we  suppose  the  strength  of  the  current  to  be  doubled,, 
d  consequendy  the  magnetic  field  developed  to  be  also  doubled, 
an  (assuming  the  iron  to  be  far  from  saturated)  twice  the 
sober  of  the  lines  of  force  will  pass  through  the  armature,  the 
Ignetisation  of  which  will  therefore  also  be  doubled,  that  is 

fx  :  2mx  2mi  =  4^»i,, 

,  doubling  the  current  strength,  quadruples  the  magnetic  attrac- 
tu  Hence  this  attraction  at  any  given  distance  varies  directiy 
the  square  of  the  strength  of  the  current  flowing  through  the 
tjL  When,  however,  the  iron  approaches  saturation,  the  altera- 
11  in  its  permeability  prevents  any  definite  law  being  formulated. 
This  law  is  sometimes  mis-stated  by  saying  that  m^m., 
mce  mxmis=  mK  But  this  is  only  true  when  the  whole  of 
r  lines  of  force  emanating  from  the  poles  of  the  electro-magnet 
pass  through  the  annature,  and  this  rarely  or  never  happens. 
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To  ensure  that  the  armature  shall  be  capable  of  transmittiJ 
a  large  percentage  of  the  number  of  lines  of  force  which  pw 
through  the  core,  it  is  evident  that  it  must  at  least  be  equal  id 
permeability  and  correspondingly  massive.  It  should  certainly  be! 
equal  in  section  to  the  core.  , 

One  of  the  best  forms  of  the  horse-shoe  magnet  is  that  ilfc*^ 
trated  in  fig.  iii.  It  will  be  seen  that  the  coil  is  divided  intotH 
sections,  placed  one  on  each  limb  or  leg  of  the  core,  the  vriodiq^ 
being  such  that,  were  the  core  straightened  out  and  the  csii 
pushed  together  so  that  their  ends  meet,  they  would  fonn  onj 
continuous  coil  or  helix.  Otherwise  similar  instead  of  disamiki 
poles  would  be  developed  at  the  extremities  of  the  core.  Til 
iron  should  be  the  best  and  softest  procurable,  and  should  b( 
bent  round  so  that  the.  poles  are  close  together  \  a  compaiath«| 
very  large  number  of  the  lines  of  force  will  then  pass  through 
space  between  the  poles  when  the  armature  is  removed.  The 
faces  in  contact  should  fit  as  perfectly  true  as  possible,  so  that 
is  the  minimum  air  space  between  them.  Sharp  comers  or 
should  be  avoided,  and,  since  the  natural  shape  of  the  lines 
force  is  circular,  the  whole  should  approximate  to  the 
form,  when  there  will  be  little  tendency  for  the  lines  of  foia 
*  leak  out '  of  the  iron  and  complete  their  circuit  through  the 
space. 

Horse-shoe  electro-magnets  are  frequently  constructed  to 
tain  a  weight.    The  sustaining  power  must  not,  however,  be 
founded  with  the  strength  of  the  field  or  the  magnetic  strengtl^ 
this  power  depends  upon  a  number  of  secondary  consii 
such  as  the  shape  and  smoothness  of  the  pole  pieces  or 
of  the  core,  the  dimensions  and  surface  of  the  armatme, 
method  of  appljring  the  weight  to  be  sustained,  &c.,  which  do 
require  to  be  taken  into  account  when  estimating  the 
magnetic  field  itself.     The  weight  can  be  suspended  from  a 
fixed  to  the  middle  of  the  armature,  so  that  the  puU  upon 
two  poles  is  equal,  the  sustaining  power  being  measured  bj 
weight  which  can  be  supported  by  the  armature  without 
its  separation  from  the  magnet. 

It  is,  however,  frequently  preferable,  for  convenience  of 
struction,  as  in  the  case    of   most    forms  of   dynamo-decfli 
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•chines,  as  well  as  in  telegraphic  and  other  similar  apparatus,  to 
lild  up  an  electro-magnet  in  which  two  straight  cores  are  yoked 
fiether  by  a  piece  of  soft  iron  which  is  screwed  or  bolted  to 
lem.  The  yoke  must  naturally  be  massive,  and  the  surfaces  fit 
Illy  to  avoid  as  far  as  possible  the  introduction  of  a  magnetically 
ssisting  air  space. 

We   have  stated  frequently — so  frequently,  in  fact,  that  we 

ilinost  feel  it  necessary  to  apologise  for  repeating  the  statement — 

iiat  when  a  current  of  electricity  is  set  up  in  a  wire,  an  electro- 

ttagnetic    field  is  almost  immediately  generated   in  the  region 

fittiTOunding  that  wire.     But  the  converse  of  this  is  also  true — ^viz. 

ttat  when  an  electro-magnetic  field  is  suddenly  set  up  around  a 

inre,  there  is  a  tendency  for  a  current  to  be  generated  in  that  wire 

during  the  setting  up  of  the  fields  and  if  the  wire  forms  part  of  a 

ctMnplete  circuit  a  current  will  flow  along  it.     The  source  of  the 

field  is  immaterial :  it  may  be  a  permanent  magnet,  a  straight  wire 

or  a  helix  carrying  a  current ;  all  that  is  essential  being  that  the 

lines  of  force  should  be  thrust  across  the  wire,  or  that  the  wire 

should  be  moved  in  such  a  manner  as  to  cut  the  lines  of  force 

transversely.    As  an  instance,  let  ab,  CD  (fig.  114)  be  two  wires 

ninning  side  by  side  for  a  certain  p^^  ^^ 

distance,  each  forming  part  of  a  com-  ^  ^ 

;  plete  circuit.     If  a  current  is  started  " 

in  A  B,  lines  of  force  will  immediately  5  5 

start  from  its  centre,  or  axis,  in  the 

fcrm  of  widening  circles,  and,  cutting  the  second  wire,  c  d,  set  up 
an  electro-motive  force  therein  and,  in  consequence,  generate 
Sfitt  electric  current.  It  is  only,  however,  while  the  lines  of  force 
are  actually  cutting  the  second  wire  that  the  elm.f.  is  developed, 
and  as  this  cutting  ceases  immediately  the  current  in  a  a  arrives 
at  its  full  strength,  the  induced  current  lasts  but  for  a  moment. 
In  direction  it  is  opposite  to  the  current  in  the  wire  a  b.  While 
the  original  current  is  steady  many  of  the  lines  of  force  due  to 
it  are  embracing  the  adjacent  wire  c  d,  though,  being  relatively 
at  rest,  they  have  no  effect  thereon. 

But  when  the  current  in  a  b  is  stopped,  all  the  lines  of  force 
collapse  upon  it,  and  those  which  extended  beyond  the  wire  c  d 
again  cut  it,  and  thereby  induce  in  it  another  momentary  current. 
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But,  since  the  lines  now  cut  the  wire  cd  in  the  opposite  sense  (fer 
they  approach  it  from  the  opposite  side),  the  resulting  current  is  a 
the  opposite  direction  to  the  previous  one — that  is,  it  is  now  in  tbe 
same  direction  as  the  inducing  current  which  was  flowing  in  the 
wire  A  B.  By  noting  the  direction  of  the  lines  of  force  due  to  & 
inducing  current,  and  the  direction  in  which  they  must  coil  loand 
the  wire  c  d  during  the  time  they  are  passing  it,  we  might  pre&t 
the  direction  of  the  induced  current  in  either  case.  It  \s  some 
what  difficult  to  make  this  clear  by  diagrams,  but  an  analogy  mar 

assist  us  to  a  great  extoL 
When  any  small  body  is 
dropped  on  the  sui^ux  of 
still  water  it  breaks  thai 
surface  into  a  series  of 
ripples  which  take  the  ftsa 
of  ever- widening  concentnc 
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circles,  as  in  fig.  115,  wlae; 
A  is  the  point  of  genenticaJ 
In  such  a  manner  do  the] 
lines  of  force  spring 
existence  from  a  wire, 
with  far  greater 
and  it  is  difficult  in 
case  to  fix  a  limit  to  their  extent  if  the  medium  (the  water  or 
ether)  is  not  limited. 

Now,  if  these  water  ripples  meet  any  obstruction,  for  ii 
a  post  at  the  point  c,  they  set  up  around  it  a  series  of 
ripples,  feebler,  perhaps,   but  precisely  similar  in   charado 
themselves.     It  is  difficult  at  present  to  say  with  certainty 
what  happens  in  the  case  of  the  electro-magnetic  lines  of 
but  we  can  safely  use  the  analogy  for  the  purpose  of  dem< 
ing  that  the  direction  of  the  lines  of  force  round  the  wire  in 
the  current  is  induced  is  opposite  to  their  direction  round 
inducing  wire.     For,  suppose,  as  in  the  case  of  the  lines  of 
the  original  ripples  round  a  to  have  what  is  called  a 

direction — that  is  to  say,  that  they  circulate  in  a  right-1 

direction  after  the  manner  of  the  hands  of  a  clock,  as  indicatd| 
by  the  arrows ;  then,  since  that  direction  would  not  be  altered  bfi 
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flection  at  the  obstacle  c,  they  must  go  round  c  left-handedly  or 
mtraiy  clock-wise.  Now,  if  these  were  electro-magnetic  lines  of 
rce  we  know  (Chapter  IV.)  that  their  direction  would  indicate  a 
jrent  flowing  downward  through  a,  and  upward  through  c,  and 
OS  we  can  readily  perceive  how  the  starting  of  a  current  in  one 
re  gives  rise  to  an  inverse  one  in  a  neighbouring  wire.  Further, 
\  see  that  it  is  only  while  the  original  ripples  generated  from  a 
e  passing  the  point  c  that  these  secondary  ripples  can  be 
sierated  or  called  into  existence,  and  we  may  again  picture  to 
uselves  how  it  is  that  a  current  is  induced  in  a  wire,  only  during 
e  time  that  the  current  in  the  neighbouring  wire  is  attaining  its 
B  strength. 

Let  us  now  suppose  it  possible  to  cause  a  series  of  ripples 
>  collapse  upon  the  point  a,  in  the  same  manner  as  we  imagine 
les  of  force  to  collapse  upon  a  wire.  Before  arriving  at  a  they 
nld  meet  with  c,  and, 

before,  generate  a 
ries  of  secondary  rip- 
>s,  but  in  this  case  their 
lection  round  c  and  a 
nld  be  the  same,  for 
IT  they  approach  c  from 
\  opposite  side.  Again 
mning  the  ripples  to 
fc  a  positive  direction, 
\  arrows  in  fig.  116 
yw  that  their  direction 
I  be  the  same  round 
ii,  and  if  a  and  c  were 
es  and  the  circles  lines 
force,  the  current  in 
b  wire  would  be  flowing  downward  through  the  paper.  It 
15  becomes  easy  to  imagine  how  the  stoppage  of  a  current  in  a 
e  induces  in  a  neighbouring  wire  a  current  in  the  same  direction 
Etsell  The  wire  in  which  a  current  is  induced  is  called  the 
ondary,  and  the  one  which  carries  the  inducing  current  is 
med  the  primary  wire. 

Now,  if  in  fig.  1 14  the  wire  a  b,  while  carrying  a  steady  current, 
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were  suddenly  brought  close  to  CD,  or  if  cd  were  suddeBJ^ 
brought  close  to  a  b,  the  lines  of  force  would  cut  c  d  in  predsdf 
the  same  manner  as  they  did  when  a  current  was  started  ia  a  & 
The  result  would  therefore  be  the  same,  that  is,  a  moroeoaq^j 
current  would  be  developed  by  induction  in  c  d,  in  the  O] 
direction  to  that  of  the  current  in  a  b.  Furthermore,  if  the 
wires  were  then  suddenly  moved  asunder,  c  d  would  be  cut  bjr 
retreating  lines  of  force,  just  as  it  was  cut  during  the  stoppmg 
the  dying  away  of  the  primary  current,  and  a  direct 
current  would  therefore  be  the  result. 

These  induced  currents  bear  a  very  simple  ratio  to  the  cuncilf 
producing  them.  The  e.m.f.  in  the  secondary  wire  is  propoitiod^ 
to  the  number  of  lines  of  force  which  cut  it,  and  also  to  the  ac 
at  which  they  cut  it.  Now,  the  number  of  lines  of  force  may  be 
increased  by  increasing  the  strength  of  the  current  in  the  priBOf 
wire,  or  by  adding  to  the  length  of  the  wires  in  proidmity.  Iti% 
however,  more  convenient  to  wind  the  longer  wires  in  spinb 
helices,  when  the  effect  will  be  similar  to  that  which  would 
from  two  long  straight  wires.  It  is  evident  that  the  two 
should  be  as  close  together  as  possible,  otherwise  those  lines 
force  very  near  the  primary  wire  would  not  reach  the 
wire  at  all,  and  would,  therefore,  fail  to  produce  any  effect 
In  some  cases  when  it  is  desired  to  obtain  a  powerful  ii 
current,  the  primary  and  secondary  wires  are  wound  in  the 
of  concentric  helices,  and  an  iron  core  is  inserted  to  increase 
number  of  lines  of  force  which  cut  the  secondary.  Having  I 
such  means  made  the  number  of  effective  lines  as  high  as  possfi 
the  only  other  thing  to  be  done  in  order  to  increase  the 
E.M.F.  is  to  make  the  rate  at  which  the  secondary  is  cut  by 
lines  as  great  as  possible. 

Now,  supposing  the  two  wires  a  b,  c  d  (fig.  114)  to  lie 
close  together,  and  the  current  in  a  b  to  be  started  and  to 
at  its  full  strength  instantaneously ;  the  rate  at  which  its  lines ^ 
force  cut  c  d  would  then  be  a  maximum,  and  it  would  nol 
possible  to  further  increase  the  e.m.f.  of  the  induced 
except  by  increasing  the  strength  of  the  current  in  a  B  and 
increasing  the  number  of  the  lines  of  force.     But  in  practicei 
current  does  not  rise  to  its  full  strength  instantaneously,  dot  dn 
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stop  suddenly ;  time  is  taken  for  the  lines  of  force  to  spring  into 
istence  and  to  die  away,  and  under  certain  conditions  this  time 
17  be  considerable.  To  understand  the  principal  cause  of  this 
Iggishness  let  us  refer  again  to  fig.  115  and  further  study  the 
le  of  the  water  ripples.  A  little  thought  or  experiment  will 
ike  it  evident  that  the  secondary  ripples  round  c  will  quickly 
ich  the  point  a,  and  if  the  body  which  caused  the  disturbance 
sdll  there,  will  set  up  around  it  ripples  in  the  opposite  sense  to 
\  original  ones.  Now,  suppose  two  wooden  balls,  a  and  b,  were 
opped  into  the  water  at  the  same  moment  close  together  and 
oidistant  from  c,  they  would  set  up  ripples  round  c,  each  to  the 
ne  extent  and  in  the  same  sense  ;  in  fact,  the  number  round  c 
xdd  be  doubled.  But  still  stronger  is  the  effect  of  a  and  b  round 
cii  other,  and  (still  assuming  a  positive  direction  just  as  we  do  for 
es  of  force)  the  direction  of  the  ripples  so  set  up  round  each 
I  be  opposite  to  those  which  it  generates.  In  the  same  way  if 
ximary  wire  is  looped  into  two  convolutions,  a  and  b,  they 
I  generate  round  an  equidistant  loop  of  the  secondary  just 
ible  the  number  of  lines  of  force  which  one  will ;  but  they  also 
Ctupon  each  other,  each  setting  up  round  the  other,  lines  of  force 
Ich  would  generate  a  current  tending  to  stop  the  primary  one, 
result  being  that  this  primary  current  does  not  rise  so  rapidly 
b  full  strength.  This  retardation  increases  as  we  increase  the 
iiber  of  convolutions  ;  in  feet,  it  varies  directly  as  the  square  of 
number  of  convolutions,  because  each  one  acts  upon  all  the 
ers  and  they  in  their  turn  act  upon  it.  Therefore  the  retarda- 
i  in  a  coil  of  100  turns  would  be  100  times  as  great  as  in  a 
I  of  10  turns. 

In  a  precisely  similar  manner  the  reaction  of  adjacent  convo- 
ons  prevents  the  instantaneous  stoppage  of  a  current ;  for,  at  the 
inent  of  disconnecting  the  battery  or  other  current-generator, 
t  of  force  collapse  upon  each  convolution,  and  in  so  doing  they 
tte  other  convolutions  and  generate  a  direct  induced  current 
di  will  also  vary  as  the  square  of  the  number  of  turns,  and 
I  to  prolong,  or  retard  the  disappearance  of,  the  primary  current. 
The  electro-motive  force  resulting  from  this  collapsing  of  the 
•  of  force  may  be,  and  usually  is,  much  higher  than  that 
A  maintains  the  original  current.     For,  supposing  the  battery 
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used  consists  of  ten  Daniell  cells,  then  if  the  poles  are  connedtt 
by  a  short  piece  of  wire,  no  spark,  or,  at  the  most,  a  very  feeble  ooe 
is  observable  when  the  circuit  is  closed  or  opened  quiddj.  I 
this  same  battery  is  made  to  send  a  current  through  a  ooil  o 
many  turns  of  wire,  although  its  resistance  may  be  high  and  cudi 
the  current  to  be  comparatively  weak,  yet,  on  breaking  the  diai 
a  spark  will  be  observed.  This  is  due  to  the  fact  that  the  lines  I 
force  fall  back  so  quickly  upon  their  respective  convolutioos  i 
the  coil,  that  they  cut  the  adjacent  convolutions  with  suffidd 
rapidity  to  generate  a  momentary  e.m.f.  high  enough  to  prodm 
a  current  sufficiently  strong  to  volatilise  a  portion  of  the  metal,  mI 
to  maintain  the  current  across  the  vapour-filled  space  for  a  M 
interval,  even  after  the  wires  are  moved  asunder.  This  cficct  i 
even  more  striking  if  in  a  dark  room  contact  is  broken  betiieei 
a  wire  and  a  mercury  surface,  when  a  little  of  the  mercoij 
volatilised  ;  and,  since  the  effect  of  iron  placed  in  the  vids^i 
to  increase  the  number  of  lines  of  force  which  are  active,  i 
spark  can  be  increased  enormously  by  placing  a  core  inside 

coil. 

The  term  *  self-induction '  has  been  given  to  this  action, 
prevents  the  instantaneous  rise  and  £all  of  a  current,  and  it  will 
evident,  from  what  has  been  said,  that,  in  the  case  of  a 
straight  wire,  this  phenomenon  is  almost  imperceptible,  and 
in  order  to  make  the  self-induction  of  any  circuit  a  maximmn, 
wire  should  be  wound  into  as  many  convolutions  as  possible, 
be  provided  with  plenty  of  iron. 

In  some  cases  it  is  desired  to  design  electro-magnets 
shall  be  affected  as  little  as  possible  by  brief,  sudden  fluct 
of  the  magnetising  current.     It  is  manifest  that  in  such  a  case 
electro-magnetic  inertia — that  is,  the  self-induction — must  be; 
high  by  using  a  long  and  massive  core  and  a  great  number  of  i 
of  wire  ;  for,  as  we  have  seen,  self-induction  prevents  a 
or  fall  of  the  current,  in  just  the  same  way  as  the  *ineitk' 
matter  prevents  any  instantaneous  change  in  its  motion.    !(' 
the  other  hand,  an  electro-magnet  is  required  to  be  qui<±- 
or  to  be  very  sensitive  to  any  variation  in  the  current,  self-ii 
should  be  as  low  as  possible,  and,  in  order  to  obtain  this^  the 
should  consist  of  as  few  tums  of  wire  as  possible,  and  the 
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lould  be  very  short,  or  the  turns  of  wire  should  be  confined  to 
I  end  or  ends. 

The  measurement  of  the  intensity  of  an  electro-magnetic  field 
,  as  already  mentioned^  a  matter  of  great  practical  difficulty, 
iowever,  as  the  movement  of  a  wire  in  any  magnetic  field  tends 
I  set  up  a  current  in  the  wire,  and  as  the  field  may  be  that  of  a 
armanent  magnet,  or  even  that  of  the  earth,  and  since,  also,  the 
tength  of  any  field  is  proportional  to  the  number  of  its  lines  of 
tee  per  unit  area,  while  the  current  generated  in  a  wire  is  also 
90portional  to  the  number  of  lines  of  force  cut  by  it,  and  to  the 
He  of  cutting,  we  may  compare  the  strength  of  different  fields  by 
bsenriug  the  current  ^resulting  from  the  cutting  of  them  by  a  wire 
t  equal  speeds.  It  is  advantageous  to  wind  the  wire  into  a  small 
4^d  place  it  in  the  field  with  its  plane  perpendicular  to  the 
lection  of  the  lines  of  force,  and  then  suddenly  turn  it  through 
r(ght  angle,  when  its  plane  will  be  parallel  to  the  lines  of  force, 
d  none  will  be  passing  through  the  coil.  The  e.m.f.  resulting 
B  be  proportional  to  the  number  of  convolutions,  the  strength 
field  and  the  area  of  the  coil  (that  is,  to  the  number  of  lines  of 
jce  passing  through  the  coil),  and  to  the  speed  with  which  the 
es  are  removed-  Special  galvanometers  are  constructed  to  give 
t?a]uesof  such  sudden  momentary  currents,  by  comparing  which 
^strengths  of  the  various  fields  can  be  measured. 
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CHAPTER  VIII. 

DYNAMO-ELECTRIC   MACHINES   (ALTERNATE  CURRENT). 

In  the  preceding  chapters  we  have  dealt  with  some  of  the  princ^ 
laws  of  electric  currents,  and  the  most  striking  phenomena  ooo- 
nected  with  them.  The  student  will  not  have  failed  to  ncdoe 
two  important  facts  :  (i)  That  when  a  wire  through  which  a  car- 
rent  is  passing  is  placed  in  a  certain  position  in  any  electio-mai- 
netic  field,  it  has  impressed  upon  it  a  definite  mechanical  ^Rt 
tending  to  move  it  into  another  part  or  out  of  the  field ;  arf 
(2)  when  a  conductor  is  mechanically  moved  in  a  field  tzsc^ 
versely  to  the  lines  of  force  traversing  that  field,  a  certain  ekcna^ 
motive  force  is  determined,  which  sets  up  a  current  in  the  wirelj 
its  two  ends  are  connected.  Extensive  use  is  made  of  both  tki^ 
effects  in  practice,  and  on  a  very  lai^ge  scale.  Machines  whichaiS 
constructed  to  transform  energy  which  exists  in  the  form  of 
currents  into  energy  in  the  form  of  mechanical  motion,  and, 
versely,  machines  which  are  able  to  transform  energy  in  the 
of  mechanical  motion  into  energy  in  the  form  of  electric 
can  be  included  under  the  generic  head  of  'dynamo- 
machinery.' 

We  shall  first  consider  machines  of  the  latter  class,  which  o^ 
commonly  known  by  the  shorter  name  of  Mynamos,'  defeningi 
consideration  of  the  other  class  until  an  opportunity  oflbs  fi 
dealing  with  such  apparatus  under  the  head  of  *  motors.' 

In  every  machine  for  the  conversion  of  energ>',  there  is  al 
a  certain  amount  of  loss  attending  the  conversion  ;  in  other 
less  energy  appears  in  the  new  than  existed  in  the  original 
The  more  perfect  the  machine,  the  less  does  this  loss  becomev 
that  a  theoretically  perfect  machine  would  be  one  in  which  diefl 
is  actually  no  loss  at  all.     It  is  absolutely  impossible  to  coosliai 


iU»-.    VIII. 


Efficiency  231 


nch  a  machine,  but  in  every  case  the  chief  aim  of  the  engineer 
bould  be  to  make  the  loss  as  small  as  possible,  or  to  make  the 
oachine  as  *  efficient '  as  possible.     The  proper  way  of  doing  this 
5  to  start  with  the  fact  established  in  accordance  with  the  doctrine 
tf  the  *  conservation  of  energy,'  that  energy  can  never  pass  out  of 
sdstence  or  be  destroyed ;  that,  therefore,  the  whole  of  the  energy 
3ut  into  the  machine  reappears  in  some  shape  or  form,  although 
Mily  a  part  appears  in  the  exact  state  in  which  it  is  desired.    Steps 
ihould  then  be  taken  to  ascertain  exactly  what  form  the  other  part 
takes,  and  the  designer  of  the  machine  should  study  how  to  reduce 
that  same  x>art,  which  may  be  called  *  waste,'  to  a  minimum.     In 
aD  machines  'which  have  moving  parts,  a  certain  percentage  of  the 
tneigy  takes  the  form  of  heat,  due  to  friction  at  the  bearings  and 
other  surfaces  which  come  into  contact.      Every  dynamo  has 
moving  parts,  and  is  therefore  subject  to  loss  from  this  cause,  and 
the  well-known  methods  of  reducing  friction  by  good  workmanship 
and  design,  and  by  the  judicious  use  of  oil  or  other  lubricant,  are 
taken  advantage  of  to  minimise  the  loss.     But  there  are  many 
other  causes  besides  mechanical  friction  which  operate  to  reduce 
the  efficiency  of  a  dynamo  ;  they  are  mainly  due  to  electro- mag- 
netic phenomena,  and  careful  study  is  required  in  discovering  how 
to  eliminate  or  minimise  them,  although  in  some  instances  the 
loss  may  be  readily  localised,  because,  like  friction,  these  pheno- 
mena convert  a  certain  amount  of  the  original  energy  of  mechanical 
motion  into  heat    One  of  the  principal  features,  then,  by  which  a 
dynamo  is  judged  is  its  efficiency,  or  by  the  ratio  of  the  energy 
fe-appearing  as  electric  currents  to  the  total  amount  given  mecha- 
nically to  the  machine. 

We  will  start  with  the  consideration  of  the  simplest  type  of 
dynamo-electric  machine,  and,  observing  its  weak  points,  endeavour 
to  trace  its  development  into  a  practical  and  highly  efficient  piece 
of  apparatus. 

Now,  it  is  only  during  the  time  that  the  lines  of  force  of  a  field 
^  being  cut  by  a  conductor  that  an  e.m.f.  is  induced  in  that 
conductor ;  therefore,  in  order  to  obtain  a  continuous  current,  or 
a  very  rapid  succession  of  currents,  it  is  evident  that  either  the 
conductor  or  the  field  must  be  kept  continually  in  motion.  Let 
us  first  study  the  case  of  a  fixed  field  and  a  moving  wire,  assuming, 
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for  the  moment,  that  we  have  a  strong  and  fairly  unifons  bdL 
produced  by  the  opposite  poles  of  two  large  permanent  bar-magoeti 
placed  near  to  each  other,  or  by  any  other  convenient  means.  1 
uniform  field  has  been  already  defined  to  be  one  in  wfaicfa  die 
lines  of  force  are  straight,  parallel,  and  equidistant  It  is  not  cs 
to  obtain  a  strong  uniform  field  of  any  great  extent,  so  that  shej 
most  convenient  way  of  continually  cutting  lines  of  force  is  m^ 
cause  the  conductor  to  move  in  a  circular  path^  within  the  limy 
of  a  powerful  field  of  comparatively  small  area.  For  instance;  t| 
the  wire  is  bent  into  a  single  rectangular  coil,  as  shown  in  fig.  n(! 


it  may  be  placed  in  the  field  with  its  plane  at  right  angles  Dl 
direction  of  the  lines  of  force,  so  that  as  many  as  possible  of 
lines  are  made  to  pass  through  it.  If,  now,  this  coil  is  tni 
suddenly  through  an  angle  of  90^  about  the  axis  a  b^  its  i^ane 
parallel  to  the  lines  of  force,  and  it  is  obvious  that  none  of 
now  pass  through  the  coil.  In  the  act  of  turning,  both  the 
and  the  bottom  limbs,  cd  and  ef^  cut  a  certain  number  of 
setting  up  thereby  an  electro-motive  force  in  the  wire;  hot 
these  two  horizontal  limbs  of  the  rectangle  cut  the  lines 
opposite  sides,  the  direction  of  the  resulting  currents  in  them 
opposite.  In  the  lower  limb,  ef^  the  direction  is  from  fironi 
back,  and  in  the  upper  one,  c  dy  from  back  to  front.  Both 
therefore,  pass  round  the  coil  in  the  same  direction.  The 
limbs  of  the  rectangle — that  is,  ce  and  ^/—simply  slide,  or 
through  the  lines  of  force,  and  do  not  cut  them ;  they, 
have  no  current  induced  in  them,  and,  while  adding  to  the 
ance  of  the  loop,  are  useless,  except  for  the  purpose  of 
the  electrical  circuit.      The  student  may  now,  with  advant 


HAP.  VIII.  Direction  of  Induced  Currents  233 

gain  read  the  paragraph  in  Chapter  IV.  which  indicates  how  the 
litection  of  an  induced  current  can  in  every  case  be  predicted, 
ii  the  present  case  the  hnes  of  force  go  from  left  to  right,  and  the 
lumber  cut  by  each  limb,  so  far,  is  half  the  total  number  originally 
assing  through  the  rectangle. 

When  the  rectangle  is  turned  through  another  90®,  so  that  the 
imb  which  was  at  first  uppermost  is  now  at  the  bottom,  it  has  the 
ioaximum  number  of  lines  of  force  suddenly  thrust  through  it 
igain ;  another  induced  current  is  the  result,  and  as,  during  the 
movement,  both  the  horizontal  limbs  cut  the  lines  from  the  same 
side  as  they  did  in  the  first  movement — that  is  to  say,  one  limb 
still  cuts  downwards  and  the  other  still  cuts  upwards — the  direc- 
tion of  the  current  is  the  same  as  that  developed  during  the  first 
<piarter  of  a  revolution.  Further,  as  the  number  of  lines  of  force 
cut  is  in  each  case  the  same,  the  induced  e.m.f.  is  also  the  same, 
provided  the  rates  of  moving  are  equal. 

If,  therefore,  the  rectangle  is  rapidly  turned  at  one  sweep  from 
its  original  position  in  fig.  117  through  180®,  a  ciurent  will  be 
mduced,  in  the  direction  shown  by  the  arrows,  during  the  whole 
of  that  movement.   If  the  rotation  is  continued,  on  passing  the  1 80** 
the  horizontal  limbs  again  begin  to  cut  the  lines  of  force,  but  they 
then  cut  them  from  their  opposite  sides,  or  in  the  opposite  direc- 
tion to  that  during  the  first  half  revolution.    The  resulting  current 
is  therefore  in  the  opposite  direction  to  the  previous  one,  but  of 
precisely  the  same  strength  if  the  motion  is  uniform.     A  con- 
tinuous rapid  rotation  of  the  rectangle  then,  will  give  rise  to  a 
series  of  currents  alternating  in  direction,  two  distinct  currents 
'^'Dg  generated  during   each  complete  revolution,  the  reversal 
taking  place  every  time  the  rectangle  passes  the  points  at  which 
its  plane  is  at  right  angles  to  the  lines  of  force. 

Supposing  both  the  field  and  the  speed  of  rotation  to  be 
^form,  the  question  arises  whether  the  e.m.f.  is  also  uniform 
during,  say,  the  whole  time  of  a  half  revolution.  As  the  induced 
^M.p.  is  proportional  to  the  rate  at  which  the  lines  of  force  are 
^t,  it  is  only  necessary,  in  order  to  decide  this  question,  to  ascer- 
^n  whether  the  rate  of  cutting  is,  under  the  circumstances,  also 
uniform.  A  little  reflection  will  show  that  just  when  the  rectangle 
l^nstomove  from  its  position  in  fig.  117  it  is  cutting  \\act^y 
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any  lines  at  all,  but  that  its  horizontal  limbs,  like  the  Yenial 
limbs,  are  rather  sliding  along  or  slipping  through  them,  and 
therefore  at  the  beginning  of  the  movement  the  rate  of  cotdng, 
and  consequently  the  e.m.f.,  is  comparatively  low.     But  when  the 

rectangle  has  turned  thiosg^ 
about  90*^,  it  is  cutting  die  lina 
almost  at  right  angles ;  there  ii 
practically  no  sliding  whatever 
and  tlie  rate  of  cutting,  mi 
therefore  also  the  E.M.F.  pip- 
duced,  is  much  greater— it  % 
in  fact,  at  its  maidmum.  Tm 
gradually  decreases  until,  wfaa 
near  the  180^,  the  E.M.F.  is  ^aa 
at  a  minimum,  and  the  remfll 
takes  place. 

A  reference  to  fig.  iiSwij 
make  this  clearer,  ab  rqit'l 
sents  the  coil  viewed  end  osi^ 
the  vertical  position  ;  x  the  axis  of  rotation,  and  a^  B]  the  p» 
tion  of  the  coil  after  it  has  been  turned  through  30**.  Clearij 
number  of  lines  cut  by  the  top  limb  of  the  coil  are  those 

F.G.  119.  '^  t^«  space  AC,  and  b? 

bottom  limb    those    in 
equal  space  bd. 
the  total  number  cut 
this  movement   of   the 
may  be  represented  by 
sum  of  these  two  lines  ac 

BD. 

Now  in  fig.  1 19,  r  FicfM 
sents  the  position  of  the  od| 
after  it  has  beoi  tomd 
through  60**  ;  if  ftom  tUl 
point  it  rotates  thiou^  wk 
other  30^  its  position  is  represented  by  Ej  Fj,  the  lines  oC  (M 
cut  during  this  movement  being  all  those  included  in  the  space  sl| 
Now  EK  is  considerably  greater  than  ac+bd,  and  there&wc^^ 
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be  field  is  uniform,  the  coil  cuts  a  much  greater  number  of  lines 
f  force  by  moving  through  30°  when  its  plane  is  nearly  parallel  to 
he  direction  of  the  lines  than  it  does  by  moving  through  an  equal 
ingle  while  it  is  nearly  perpendicular  to  them.  But  as  the  speed 
)f  rotation  is  uniform,  it  takes  precisely  the  same  time  to  pass 
iirough  these  equal  angles,  therefore  the  rate  of  cutting,  and 
i»nsequently  the  e.m.f.,  must  be  much  greater  in  the  former  than 
in  the  latter  case.  In  fact,  the  rate  at  any  moment  is  proportional 
to  the  sine  of  the  angle  through  which  the  coil  has  then  moved 
from  the  vertical  position. 

We  have  defined  a  magnetic  field  of  unit  strength  to  be  one 
laving  one  ccs.  line  of  force  per  square  centimetre,  and  if  a 
conductor  one  centimetre  in  length  is  moved  transversely  through 
this  field  at  a  velocity  of  one  centimetre  per  second,  it  will  cut  one 
fine  of  force  per  second,  and  thereby  develop  one  c.g.s.  unit  of 
electro-motive  force.     If  either  the  strength  of  field,  the  velocity, 
or  the  length  of  wire  be  doubled,  the  resulting  e.m.f.  will  be 
doubled,  the  number  of  lines  cut  per  second  being  increased  two- 
fold.    If  we  simply  know  the  number  of  lines  of  force  cut  per 
second,  the  e.m.f.  can  be  calculated  without  any  consideration  as 
to  the  length  of  conductor  or  strength  of  field.     If  the  field  is 
not  uniform,  however,  or  if  the  wire  moves  at  a  varying  speed,  the 
rate  of  cutting,  and  therefore  the  e.m.f.,  will  fluctuate.     But  the 
fi'oerage  of  this  fluctuating  e.m.f.  will  be  equal  to  the  average  rate 
of  cutting,  that  is  to  say,  it  can  be  found  by  dividing  the  whole 
number  of  lines  cut  by  a  conductor,  by  the  time  in  seconds 
occupied  in  the  cutting.     If,  therefore,  the  rectangle  in  fig.  117 
^"Mdtes  one  revolution  per  second,  and  the  maximum  number  of 
lines  of  force  embraced  by  it  in  the  zero  position  is  denoted  by  n, 
^^en  each  limb  will  cut  2  n  lines  per  second,  because  it  cuts  the 
^hole  number  n  during  the  downward  sweep,  and  again  during 
the  upward  movement.     Consequently  each  limb  develops  an 
average  e.m.f.  of  2  n  cg.s.  units,  and  as  both  limbs  are  connected 
m  series  the  total  e.m.f.  becomes  4  n  units.     Further,  if  the  rect- 
angle makes  n  revolutions  per  second  instead  of  only  one,  then  n 
times  as  many  lines  will  be  cut  per  second,  and  the  average  e.m.f. 
^U  be  4N«  units.     But  since  the  cg.s.  unit  of  electro-motive 
force  is  so  very  small,  a  much  greater  practical  unit,  called  the 
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volt,  equal  to  100,000,000  cg.s.  units,  is  employed.  All  resells 
obtained  in  cg.s.  measure  must,  therefore,  be  divided  by  this 
number  to  give  the  value  in  volts,  and  the  simple  equatiim  msf 
be  written, 

average  e.m.f.  =  — ^ volts. 

100,000,000 

It  may  be  mentioned  that  the  value  of  n  is,  in  actual  macfaioe^j 
very  high,  being,  as  a  rule,  several  millions.  In  practice,  it  is  thsi 
average  e.m.f.  which  concerns  us  most,  but  we  may  observe  rial! 
if  the  rectangle  were  rotated  at  a  constant  speed  in  a  mufoiaj 
field,  the  actual  E.M.F.  being  developed  at  any  moment  when  k 
had  moved  through  an  angle  a  from  the  zero  position  would  be 

2  7r  sin  <z  N«      1^ 
E  = volts, 

100,000,000 

The  above  refers  to  the  case  of  two  active  wires,  forming  limbs  <£| 
a  rectangle  and  joined  up  in  series  in  such  a  manner  that  ise 
E.M.F.  of  one  is  added  to  that  of  the  other.  The  resulting  tsu 
is  twice  that  developed  by  one  active  limb  ;  and  if  the  wire  wse 
wound  in  a  number  of  convolutions,  it  would  be  necessary  • 
multiply  by  the  number  of  active  limbs  then  joined  in  series  (ins&ali 
of  by  2,  as  in  the  present  case)  to  obtain  the  total  £.m.f. 

The  function  above  referred  to  as  the  *  sine,'  is  one  with  wteek 
the  student  will  frequently  come  in  contact  Perhaps,  therdbi^ 
it  will  now  be  as  well  to  explain  briefly  what  is  meant  by  the 
of  an  angle.  If  in  one  of  the  two  straight  lines  which  contain  sf 
angle,  such  as  e  x  r  in  fig.  1 19,  any  point,  say  e,  is  taken,  and  fnofli 
it  a  line  e  r  is  drawn  perpendicular  to  the  other  line,  a  right-anglei 
triangle,  e  x  R,  is  formed.     The  length  of  the  perpendicular  Et 

E  R 

divided  by  the  length  of  the  hypotenuse  ex,  that  is,    -  ^is* 

definite  value,  no  matter  what  the  area  of  the  right-angled  tiiana 
may  be,  provided  the  angle  e  x  r  is  unaltered.     And  this  nCil 

E  R 

—  is  called  the  sine  of  the  angle  e  x  r.     The  sine  of  any 
ex 

angle  is  similarly  measured ;  for  instance,  in  fig.  118     ^  -   is  iftt 

A,X 

sine  of  the  angle  A]  x  p.     If  we  always  choose  the  same  length  m 
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m 


ixBe  for  the  denominator,  as  will  be  the  case  if  it  forms  the  radius 
pf  the  same  or  equal  circles,  as  £  x  and  Aj  x,  and  let  it  be  equal  to 
inity,  then  the  sine  is  simply  measured  by  the  numerator  e  r  or 
ki  p,  that  is,  by  the  length  of  the  perpendicular.  When  the  angle 
becomes  very  small,  the  perpendicular,  and  therefore  the  value  of 
lie  sine  also,  becomes  very  small ;  in  the  case  of  the  imaginary 
iDgle  o^  the  perpendicular  disappears,  the  sine  of  o""  being  o. 
IVhen  the  angle  is  90°  the  perpendicular  coincides  with  and  is 
equal  to  the  radius.  The  sine  of  90^  is  therefore  i,  and  this  is  the 
highest  possible  value  of  the  sine.  It  decreases  as  the  angle 
farther  increases,  until,  at  180°,  its  value  is  again  o.  From  here  it 
is  reckoned  as  n^ative,  the  sine  of  270  being  —  i.  By  referring 
to  a  table  such  as  that  on  p.  98  the  value  of  the  sine  of  any  angle 
can  readily  be  found,  and  we  can,  therefore,  calculate  the  relative 
value  of  the  e.m.f.  at  any  position  of  the  rectangle,  and  also  show 
diagramatically  how  the  e.m.f.  should  rise  and  fall  in  a  perfectly 
uniform  field 

In  fig.  120  the  portion  a  f  of  the  horizontal  line  a  b  represents 
a  circle  straightened  out,  each  of  the  four  equal  parts  into  which  it 

Fig.  i3(x 


(a  f)  is  divided  being  equivalent  to  90®,  that  is,  a  quarter  of  a 
revolution  of  the  rectangle.  Similarly,  this  line  a  f  might  be  sub- 
divided into  360  parts  to  represent  the  360  degrees,  and  any  point 
along  it  could  then  be  taken  to  denote  the  position  of  the  rect- 
angle when  turned  through  a  corresponding  angle  from  zero.  Now 
we  have  observed  that  the  e.m.f.  at  any  point  is  proportional  to  the 
sine  of  the  angle  through  which  the  coil  has  then  turned  from  zero; 
and  it  is  convenient  to  take  a  number  of  points  along  this  line,  and 
at  each  of  them  erect  a  perpendicular  proportional  in  length  to 
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the  sine  of  the  angle  which  that  particular  point  repiesesfti 
During  that  half  of  the  revolution  in  which  the  sines  are  redosni 
as  minus,  the  perpendiculars  should  be  drawn  below  the  lio^ 
indicating  the  reverse  direction  of  the  E.M.F.  and  current.  F^< 
instance,  at  90°  the  sine  will  have  the  greatest  value,  viz.  uni 
while  at  45®  the  perpendicular  will  be  only  0707  of  that  at 
because  the  sine  of  45°  is  0707  ;  at  270°  the  sine  is  -  i, 
therefore  the  perpendicular  equal  in  length  to  unity  is  drawn 
the  line. 

By  joining  the  extremities  of  these  perpendiculars  we 
a  curve  known  as  a  sine  curve,  which  at  a  glance  indicates 
manner  in  which  the  e.m.f.  rises  and  falls  during  one  conqtel 
revolution  of  a  simple  coil ;  and  the  whole  of  the  curve  fromA!»| 
B  shows  the  fluctuation  of  the  e.m.f.  during  two  revolutions.       \ 

If  in  fig.  119,  EX  is  taken  as  unity,  it  may  represent  thehe^ 
of  c  or  E,  the  highest  points  on  the  sine  curve,  and  then  e  g  il 
be  the  length  of  the  perpendicular  representing  the  electro-nKfflU 
force  at  60°,  for  e  g  is  the  sine  of  the  angle  e  x  g,  which  b  ik 
angle  (60®)  through  which  the  coil  has  turned  from  the 
position.     Similarly,  AjC  (fig.  118)  will  represent  the  e.m.f. 
veloped  when  the  coil  has  turned  through  30",  for  a,  c  is  the  a 
of  that  angle. 

The  curve  (fig.  120)  shows  that  the  e.m.f.  at  90**  is  equal 
that  at  270°,  but  that  it  is  positive  in  the  one  case  and  negatfvs 
the  other. 

Referring  again  to  figs.  118  and  119,  we  observe  that  tk 
*  effective  area '  of  the  coil,  with  respect  to  the  lines  of  force  wlacl 
it  embraces  in  the  position  Aj  b„  is  proportional  to  A|  l,  aiKiis 
the  position  E  F  to  e  k — that  is,  Aj  l  and  e  k  are  proportional  li 
the  number  of  lines  of  force  passing  through  the  coil  in  tbetti 

Ai  L  -x. 

positions.    Now,  — —  is  the  cosine  of  the  angle  through  vhidl 

Aj  Bi 


the  coil  has  already  rotated,  for  the  angles  Ai  x  a  and  p  a,  x 
equal,  or  it  is  the  sine  of  the  angle  which  the  coil  makes  with  tto 

E  K 

direction  of  the  lines  of  force  ;  as  is  also .    Taking,  for 

E  F 

plicity,  the  equal  lengths  a,  Bj  and  E  f  as  unity,  we  see  tha!  tte 
number  of  lines  of  force  passing  through  the  coil  in  any  posiw* 
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Fig.  Z2Z. 


I  uniform  field  is  proportional  to  the  cosine  of  the  angle  through 

ich  it  has  been  turned  from  its  position  at  right  angles  to  those 

s,  and  also  to  the  sine  of  the  angle  which  it  makes  with  the 

a  of  force. 

These  variable  alternating  currents,  depicted  in  fig.  120,  being 

s  developed  by  the  rotation  of  the  wire  rectangle,  some  device 

equired  to  enable  us  to  lead  them  away  to  an  external  circuit 

I  tiiere  make  use  of  them.     The  rectangle  might,  for  this  pur- 

e,  be  mounted  on  a  wooden  spindle  (fig.  121),  and  its  ends 

mected  to  two 

;  metal    rings, 

^  &ced  a  little 

tance  apart  on 

!  spindle,   con- 

\  being    then 

fe  by  means  of 

ftt  spring,  or  a 

I  brash,  press- 

Bgainst  each  of 

rings.  By  attaching  wires  to  these  contact  brushes  the  currents 

be  conducted  away  to  any  desired  point. 

It  remains  now  to  show  to  what  extent,  in  practice,  we  can 

iply  with  the  conditions  which  theory  teaches  us  will  tend  to 

DC  the  E.M.F.  high. 

For  a  small  machine,  permanent  magnets  may  be  used  to 

ply  the  field,  and  for  this  purpose  a  horse-shoe  magnet  is  found 

e  very  convenient,  but  it  should  be  bored  out  or  fitted  with 

iron  cheeks,  of  such  a  shape  that  there  is  just  sufficient  room 

the  wire  coil  to  rotate  between  them.    The  steel  should  be 

i^ly  magnetised,  and,  if  of  considerable  size,  it  should  be 

mated,  or  built  up,  of  a  number  of  these  magnets  with  their 

poles  adjacent.     A  circular  magnet  (fig.  122),  divided  at  one 

of  the  circle,  and  with  just  sufficient  space  bored  out  for  the 

to  rotate,  is  better  than  one  of  the  ordinary  horse-shoe  pattern, 

ough  not  so  easy  to  make.     Having  obtained  the  magnetic 

I,  the  next  thing  is  to  get  as  many  as  possible  of  the  lines  of 

e  to  pass  through  the  coil  of  wire.     Iron  here  comes  to  our 

stance  once  more,  for,  by  winding  the  rectangle  round  a  core 
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Fig.  123. 


of  pure  soft  iron,  we  concentrate  those  lines  which  would  oi 
stray,  and  the  number  passing  through  the  wire  is  greatly  i 
It  is  almost  superfluous  to  add  that  the  actual  area  of  the 
should  be  as  great  as  possible,  provided  that  it  is  kept  within 
limits  of  the  field,  and  since,  as  we  have  seen,  the  induced  e. 
is  proportional  to  the  number  of  active  conductors  joined  in 
the  wire  may  be  wound  into  a  coil  consisting  of  a  number  of  t 

instead  of  only  one.     Now,  a 
in  which  currents  are  induced 
its  movement   within    a   e 
field  is  generally  called  an 
ture.'    The   core   of   one   of 
earliest  forms  of  armature  is  showi: 
in  section  at  a,  between  the  pol 
of  the  circular  magnet  f,  in  fig.  \i 
and  although,  when  criticised  in  tbe- 
light  of  our  present  knowledge,  the 
design  proves  to  be  very  faulty,  il  i 
will  serve  very  well  to  illustrate  the  ! 
principle.    A  view  of  this  armature 
is  also  shown  in  fig.  123.     It  consists  of  a  considerable  length  of 
silk-  or  cotton-covered  copper  wire,  wound  in  the  grooves  of  a 
shuttle-shaped  piece  of  soft  iron,  a  b,  which  is  usually  about  twice 
as  long  as  its  greatest  width.     It  is  provided  at  one  end  with  a 
driving-pulley,  /,  and  at  the  other  end  by  a  device  for  communi- 

FiG.  123. 


eating  the  current  to  the  external  circuit.  Good  effects  can  be 
obtained  by  rotating  such  an  armature  in  a  strong  field.  The 
speed  of  rotation  must  be  high,  but  this  can  readily  be  obtained 
by  any  mechanical  multiplying  device,  such  as  a  pulley  of  large 
diameter  driving  a  smaller  one  on  the  armature  spindle.  Although 
the  E,M.F.  increases  with  the  number  of  turns  of  wire  on  the  arma- 
ture, it  is  found  that  this  increase  is  not  by  any  means  proportiooal, 
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lecially  when  the  speed  of  rotation  becomes  very  high.  One 
[lortant  reason  is  because  the  conditions  are  very  favourable  for 
I 'self-induction'  of  the  armature  to  make  itself  evident.  We 
re  already  seen  that  this  effect  becomes  very  marked  with 
idly  varying  or  alternating  currents,  and  since,  also,  it  increases 
b  the  square  of  the  number  of  turns  of  wire,  it  is  obvious  that 
tnnmba:  cannot  be  indefinitely  increased  with  any  prospect  of 
is&ctory  results.  The  increase  of  resistance,  though  not  in 
If  such  an  important  matter,  also  limits  the  length  of  the  wire. 
is,  therefore,  preferable  to  endeavour  to  increase  the  strength  of 
!  field  and  the  length  of  the  active  limbs  of  the  coil  rather  than 
Imimber  of  turns. 

That  the  design  of  the  shuttle  armature  is  faulty  may  easily  be 
wed,  for,  after  being  rotated  for  a  little  time,  the  iron  shuttle  or 
B  gets  quite  warm.     Now,  this  heat,  so  developed,  represents  a 
bite  fraction  of  the  energy  expended  in  rotating  the  armature, 
ch,  as  it  does  not  reappear  as  electricity,  is  to  all  intents  and 
poses  wasted.     It  is  an  interesting  fact  that  whenever  a  mass 
oetal  is  rapidly  rotated  in  a  magnetic  field  its  temperature  rises, 
beat  being  the  direct  result  of  currents  of  electricity  which  are 
iced  in  the  metal,  and  which  are  known  as  '  eddy '  currents, 
sr  initial  direction  is  at  right  angles  to  the  lines  of  force  of  the 
^tic  field,  and  also  at  right  angles  to  the  direction  in  which 
mass  moves ;  therefore,  in  the  shuttle  armature,  they  travel 
jldiways  along  the  iron  core,  completing  their  circuit  in  a  more 
ess  circular  path  in  the  iron  (whence  they  gain  the  name  of 
ly*  currents),  and  they  follow  the  general  law  in  reacting  upon 
Gdd  in  which  they  are  produced,  in  such  a  manner  as  to  tend 
bp  the  motion  of  the  moving  body.    The  e.m.f.  of  these 
ents  is  not  high,  but  as  the  mass  of  the  metal  is  great,  and  its 
lance  therefore  small,  the  currents  are  suf!iciently  strong  to 
iderably  raise  the  temperature  of  the  metal.    In  fact,  it  is 
Rde  to  melt  a  piece  of  a  metal  which  fuses  at  a  low  tempera- 
i  by  simply  spinning  it  rapidly  in  a  very  strong  field. 
!t  is  evident  that  such  a  certain  sign  as  this,  that  energy  is 
g  wasted,  must  not  be  ignored,  and,  since  we  cannot  stop  the 
iency  for  the  currents  to  be  produced,  the  only  alternative  is  to 
Sifficulties  in  the  way  of  their  production. 
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In  the  case  in  question,  the  best  method  is  to  'laminate' 
armature,  or  to  build  it  up  with  a  number  of  small  discs  cut  to  1 
required  shape  and  bolted  together,  instead  of  using  a  solid 
of  iron.     The  iron  must  be  continuous  in  the  direction  in 
the  lines  of  force  have  to  pass  through  it,  otherwise  the  efficaqi 
its  action  in  concentrating  these  lines  would  be  seriously  im] 
while  it  must  be  discontinuous  in  the  direction  in  which  die 
currents  tend  to  flow,  viz.  at  right  angles  to  the  lines  of  force, 
meet  these  requirements  the  discs  threaded  on  the  spindle 
be  well  insulated  one  from  another,  although,  on  account  of 
low  E.M.F.,  a  sheet  of  thin  paper  or  a  layer  of  varnish  is,  as  a 
sufficient.     It  is  hardly  necessary  to  adopt  this  precaution  in 
kind  of  machine  we  have  been  considering,  which  is  veiy 
and  only  made  to  be  driven  by  hand-power,  but  it  becomes 
lutely  necessary,  as  well  as  economical,  in  the  larger 
driven  by  steam-power.    At  first  sight  it  would  appear, 
ing  that  the  e.m.f.  developed  in  the  armature  coil  varies  as 
rate  at  which  the  lines  of  force  are  cut,  that  the  e.m.f.  of  a 
neto-electric  machine  should  be  simply  proportional  to  the 
of  rotation,  the  strength  of  the  field  being  invariable.     Bat 
are  several  causes  which  tend  to  prevent  the  increase  of  the 
developed  by  the  augmentation  of  speed  attaining  this 
the  principal  being  the  eddy  currents  produced  in  the  cof^^ 
electro-magnetic  reaction  of  the  current  in  the  armature  upoo 
field  produced  by  the  field-magnets,  and  the  self-induction  of 
armature.     It  is  important  to  notice  that  when  a  current  is 
round  the  armature  coil  the  whole  armature  is  in  reality  an 
magnet,  and  it  acts  as  such  upon  the  poles  of  the 
horse-shoe  magnet  which  supplies  the  field,  this  reaction, 
every  similar  case,  tending  to  stop  the  motion  of  the 
If,  however,  the  armature  is  forcibly  rotated  against  this 
the  result  is  that  the  magnetic  field  is  distorted  and  dragged 
what  out  of  its  true  position,  and,  as  the  current  in  the 
rapidly  alternates  from  zero  to  a  maximum,  this  dragging 
will  also  vary  considerably,  with  the  result  that  the  field  wil 
kept  in  a  state  of  oscillation  and  its  uniformity  destroyed 
maximum  current  in  the  armature  becomes  higher  as  the  s^aA 
increased,  and  the  distortion  of  the  field  is  then  greater,  the 
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ig  a  tendency  to  prevent  the  e.m.f.  rising  in  proportion  to  the 
5d.  Furthermore,  as  the  iron  core  has  a  greater  number  of 
8  of  force  passing  through  it  when  the  current  increases,  its 
neability  may  also  become  appreciably  lower. 
Besides  the  waste  due  to  eddy  currents,  which  increases  very 
dly  with  the  speed,  the  effect  of  the  self-induction  of  the  arma- 
lalso  becomes  strongly  marked,  this  latter  not  only  preventing 
i  a  high  E.M.F.  being  attained,  but,  in  addition,  retarding  the 
and  fall  of  the  current  In  fact,  were  we  able  to  plot  a  curve 
Ring  the  rise  and  fall  of  a  current  in  this  shuttle  armature,  we 
Bid  find  it  somewhat  similar  to  that  given  in  fig.  120,  but  with 
important  difference  that  it  would  be  shifted  more  or  less  to 
light,  its  maxima  and  minima  being  less  in  value  and  occurring 
r  than  would  be  the  case  if  the  armature  had  little  or  no  self- 
ictioa  Owing  to  the  fact  that  it  is  not  possible  to  construct 
eactical  armature  with  as  little  self-induction'  as  the  simple 
ftngle,  or  to  make  its  active  limbs  cut  the  lines  of  force  of  a 
bnn  field  in  such  a  regular  manner  as  is  done  by  our  experi- 
tol  rectangle,  we  do  not  in  practice  obtain  a  perfect  sine  curve 
(he  curve  of  potentials  of  any  armature,  but  only  an  approxima- 
thereto. 

I^e  shall  presently  be  better  able  to  consider  the  reaction  on 
field  in  connection  with  a  different  type  of  armature,  but  we 
^  here  remark  that  it  is  one  of  the  most  important  points  to  be 
le  in  mind  in  deciding  how  a  more  powerful  and  efficient 
hine  can  be  obtained.  Now,  the  electro-motive  force  may  be 
eased  in  several  ways. 
I.  By  increasing  the  speed  of  rotation. 
fc  By  increasing  the  number  of  turns  of  wire  in  the  armature, 
I  increasing  the  number  of  active  limbs  joined  in  series,  which 
the  lines  of  force.  This  method,  as  already  pointed  out,  adds 
only  to  the  resistance,  but  also  to  the  self-induction  of  the 
ature. 

3.  By  increasing  the  area  of  the  armature  coils,  or  by  making 
core  more  massive,  for  in  either  case  the  number  of  Hnes  of 
e  cut  by  the  coil  is,  within  certain  limits,  increased. 
4«  By  increasing  the  strength  of  the  field. 
The  last-named  method  is  the  freest  from  objections,  and  it 
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Fig.  134. 


has  the  all-important  advantage  that,  the  stronger  the  fixed  field  i^ 
as  compared  with  that  developed  by  the  aimature,  the  less  is  U 
reaction  and  consequent  distortion  of  the  field. 

The  necessity  for  a  strong  field  is  so  apparent  that  poioi 
electro-magnets  are  now  usually  employed,  but,  as  migk  h 
expected,  in  all  the  early  efforts  to  construct  a  dynamc 
machine,  the  field  was  obtained  by  means  of  permanent 
But  the  method  of  cutting  the  *  armature '  wires  by  lines  of 
was  not  by  any  means  restricted  to  the  rotation  of  the  armatoiel 
the  field.     One  very  interesting  method  was  applied  by 

stone,  and  is  still  lai^gely  employed,  to 
rate  short    intermittent    and    com] 
feeble  currents.    The  wire  in  whiditki 
rents  are  generated  is  wound  on,  let  v 
two  bobbins  (see  fig.  124),  which  arc 
with  soft  iron  cores,  as  shown  by  the 
lines,  and  placed  one  on  each  pole  of  a 
ful  permanent  steel  magnet      Manyd 
lines  of  force  due  to  this  steel  magDtt 
through  the  soft  iron  cores,  and  com; 
magnetic  circuit  across  the  air-space  at  the  top  in  the  wdl- 
curved  form,  but  no  current  is  generated  in  the  wire  whilef 
are  undisturbed.     If,  however,  a  soft  iron  bar  is  placed  acoail 

ends  of  the  cores  and  very  nofl 
them,  as  shown  in  fig.  1 24,  or  as 
by  the  dotted  lines  in  fig.  125,2: 
many  of  the  lines  of  force 
themselves  and  pass  through  ^ 
iron  'keeper.'    In  moving  to  theiri 
positions  they  cut  the  convohit 
the  coil  and  generate  therein  an 
motive  force  which,  if  the  drcait  is< 
pleted,  gives  rise  to  a  momentary  current.    When  the  k( 
entirely  removed  the  original  arrangement  is  re-establidied. 
the  cutting  which  then  takes  place  also  generates  a 
current,  but  in  the  opposite  direction  to  the  previous-one. 
most  convenient  way  of  rapidly  shifting  the  soft  iron  keeper  i 
mount  it  on  a  spindle  and  rotate  it ;  in  fig.  125  it  is  shown  Jti 
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Idle  position  at  right  angles  to  the  line  between  the  two  bobbins, 
.'file  the  dotted  lines  show  its  other  extreme  position,  a'  ^',  when 

is  right  over  the  cores, 
;l  In  fig.  126,  which  is  a  view  of  a  portion  of  the  actual  apparatus, 
:p  keeper  a  #  is  shown  fixed  on  a  spindie,  which  also  carries  a 
■ion  gearing  into  a  laiger  driving-wheel,  w,  turned  by  a  handle,  h. 
:■£  keeper  can,  by  means  of  this  arrangement,  be  rotated  with 

ftsiderable  velocity  in  front  of  the  two  bobbins,  which,  with  their 

(es,  are  shown  fixed  to  the  soft  iron  cheeks  screwed  on  to  the 

les  of  the  horse-shoe  magnet   n  s, 

ich  is  a  compound  one,  being  built 

I  of  seven  thin  horse-shoes  bolted 

(ether.     Four  coils  are  usually  em- 

»yed,  placed  symmetrically,  two  on 

lA  pole ;    double   the   number    of 

Inenis  in  each  revolution  are  then 

aerated,  but  the  principle  remains 

esame. 

:   Hitherto  no  laige  machines  built 

¥on  the  foregoing  principle  have  been 

Ottically  used,  and  this  is,  periiaps, 

"'Fising,  as  the  advantages  due  to 

kesimplicity  of  construction  are  many 

nd  important-      The    only    moving 

>)t  of  the  apparatus  is  a  mass  of  iron    ' 

*>ch,  if  truly  balanced,  can  be  rotated 

*a  very  high  speed  without  involving 

•ny  mechanical  difficulties,  and  as  ail  the  coils  are  fixed,  connection 

™*een  them    and  any   external   circuit    can   easily   be    made. 

■'■  W.  M.  Mordey  has,  however,  described  several  methods  of 

flying  this  principle  to  large  machines,  and  he  has  constructed 
\  *  model  of  one  form  which  certainly  appears  to  be  charmingly 
)  "tnpfe  and  practical. 

The  annature  and  field  coils  are  each  wound  in  the  form 

of  a  ring  of  rectangular  section,  the  former  being  of  larger  dia- 

">««  than  the  latter,  and  they  are  placed  concentrically,  with  the 

"*'<!  coil  inside  the  armature  coil.     A  number  of  pieces  of  iron 

^^  placed  in  such  a  manner  that  the  rotation  of  an  iron  keeper 
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causes  many  of  the  lines  of  force  at  one  moment  to  embrace  bd: 
armature  and  field  coils,  and  at  the  next  moment  to  pass  rami| 
the  field  coil  only  ;  and  as,  during  their  movement  from  toj 
position  to  the  other,  they  cut  the  armature  coil  tiansvostitj 
alternating  currents  are  induced  in  that  coil. 

The  principle  may  be  more  easily  grasped  by  a  consideraJM^ 
the  arrangement  illustrated  in  fig.  127,  in  which  ff  show  the  Ul 
coil  in  section  at  two  pocncl 
opposite  extremities  of  a  diamaa 
and  A  A   show   sections  tiiraa 
two  similar  points  of  the  3III1IM 
coll.     B  Is  a  mass  of  iron  «iidl 
embraces  both  the  armatuitaj 
field  coils,   while  h  is  >  [M 
equal  In  cross-section  boi  toa 
shorter  limbs,  which  embncstl 
field  coil  only,  the  annatntfl 
.     being  placed   outside  the  »4 
'    p  is  a  keeper  carried  bytbcM 
s,  which  can  be  rotated  of^t 
-S^^S--'^*'^''^  ^^  ^^^  being  at  the  ceiati 

^^^"^^^        ^^ne^  -^   I  the  twocircular  coils,  FFUiiii 

If  a  powerful  curr^it  is  si 
through  the  field  coil  f  f,  1  ta 
number  of  lines  of  force  *3 
developed,  and  their  airai^M 
will  lately  depend  upon  dx  i 
pieces,  h  and  b,  but  more  q 
daily  upon  the  position  <tft 
"  keeper  p  with  respect  to  h  1^ 

When  p  IS  situated  as  shown  in  the  figure  it  fcHms  widi  I 
almost  complete  magnetic  circuit  of  low  permeability  rooixl  h 
coils  A  and  f,  and  nearly  the  whole  of  the  lines  generated  by ! 
field  coil  in  the  vicinity  will  embrace  the  armature.  In  spiiq 
into  this  position  (shown  by  the  dotted  line),  the  lines  cdt  1 
armature  coil  transversely  from  the  inner  side,  and  give  reel 
current,  depending  in  e.m.f.  upon  the  number  of  lines  and' 
rapidity  with  which  their  position  is  changed.    AVh^i  the  kM 
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I  moved  away  there  is  a  considerable  air  gap,  offering  a  high  mag- 

letic  resistance  at  the  ends  of  the  limbs  of  b,  and  consequently 

Bany  of  the  lines  of  force  collapse  upon  the  coil  f,  cutting  the 

imiature  from  the  outside  and  generating  an  E.M.F.  in  the  opposite 

iirecdon.  Not  only  is  the  magnetic  resistance  of  the  path  round  the 

3VO  coils  made  greater,  but  as  p  rotates  it  reaches  a  position  where  it 

lets  as  a  keeper  to  the  iron  piece  h,  which  embraces  the  field  coil 

Mily,  so  that  an  almost  complete  magnetic  circuit  is  then  formed 

0>und  the  field  coil,  and  nearly  the  whole  of  the  lines  of  force  pass 

trough  H  and  p  and  very  few  extend  round  a.     Therefore,  if  the 

keeper  p  is   rapidly  rotated  the  armature  coil  will  be  cut  by  a 

Plumber  of  lines  of  force  as  they  take  up  new  positions,  first  out- 

■ide  and  then  inside  it     It  is  evident,  however,  that  it  would  not 

I  be  possible  to  make  all  the  lines  of  force  developed  by  the  field 

[coH  take  either  the  one  path  or  the  other,  many  of  those  surround- 

I  ing  the  coil  at  a  distance  from  the  iron  being  but  little  affected  by 

the  movement  of  the  keeper,  but  in  designing  an  actual  machine 

care  would  be  taken  to  so  dispose  the  iron  that  most  of  the  lines 

of  force  would  be  influenced. 

In  Mr.  Mordey's  machine  there  are  four  iron  pieces  similar  to 

B,  embracing  both  armature  and  field  coils,  placed  90°  from  each 

other  as  shown  in  fig.  128.    Between  these  are  placed  four  shorter 

pieces  similar  to  h,  outside  the  field  but  inside  the  araiature  wire. 

The  lower  half  of  fig.  128  is  shown  in  section  ;  fig.  129  is  also 

in  section,  the  upper  half  from  a  to  the  centre  of  the  shaft,  and 

the  lower  half  fi-om  the  centre  of  the  shaft  to  b,  so  as  to  obtain  a 

section  through  a  short  and  a  long  iron  limb.     The  mass  of  cast- 

iion  which  plays  the  part  of  a  keeper  may  be  described  as  a 

cylinder  having  four  deep  sector-shaped  notches  cut  at  each  end. 

tt  viewed  end-on,  a  section  near  one  extremity  would  be  in  the 

form  of  a  cross,  while  a  section  through  the  middle  would  be 

circular.    In  the  figures  each  arm  of  the  cross  is  shown  as  forming 

a  keeper  to  one  of  the  smaller  iron  pieces  embracing  the  inner  or 

field  coil  only,  and  consequently  few  of  the  lines  developed  by  the 

field  coil  extend  round  the  armature  coil.     In  the  lower  part  of 

fig.  129  the  deep  notches  are  opposite  the  iron  pieces  which 

^brace  both  coils,  forming  a  great  break  in  the  magnetic  circuit, 

and  this  is  also  shown  in  fig.  128.     On  rotating  through  an  angle 
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of  45°,  however,  the  keeper  completes  the  various  magnelic  1 
cuits  in  such  a  manner  that  most  of  the  lines  of  force  en 
round  both  coils.  These  two  alternate  conditions  succeed  1 
another  rapidly  as  the  keeper  continuously  revolves.  .\s  theli 
of  force  are  rapidly  carried  backward  nnd  forw:ird  past  the  an 
ture  coil,  they  generate  therein  the  desired  currents,  but  ihej ; 
give  rise  to  eddy  currents  in  the  masses  of  iron  through  ■! 


SettioH  Ikrougk  CD. 


II  thvugk  AS. 

se  eddv  c 


they  are  projected.     The  direction  in  «hich  tht 

would  be  set  up  is  parallel  to  the  currents  in  tt 

and  therefore  the  masses  of  iron  should  be  laminated  so  as  10| 

discontinuity  in  this  direction,  while  continuity  is  retained  ii 

path  of  the  lines  of  force.     Consequintly  the  iron  is  built  i^i 

number  of  thin  U-shaped  sheets,  insiiinii.d  and  ij-ilted  togeiha 

Machines  in  which  steel  magneto  are  i.ni])lo) c-d  for  prodi 
the  field  are  often  called  magneto- ilLciric  generators,  txA 
sometimes  ragarded  as  a  class  altogether  distinct  from  niachai 
which  the  field  is  developed  by  one  or  more  electro -magnen 
such  a  distinction  is  altogether  arbitrary. 

The  best  and  most  useful  form  of  io-called  magneio-dpM 
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i  ihat  of  De  Meritens,  which  is  extensively  employed  for  lighthouse 
tuposes.  A  general  view  of  a  simple  form  of  this  machine  is 
hown  in  fig.  130. 

The  annature  consists  of  a  series  of  sixteen  coils  fixed  round 
be  periphery  of  a  wheel  of  brass  or  other  non-magnetic  material. 


"Hie  method  of  constructing  and  fixing  the  coils  is  shown  in  fig. 
'31,  one  coil  and  a  portion  of  the  rim  of  the  wheel  being  in 
section.  A  flat  core  of  soft  iron  (composed  in  the  more  recently 
•"•ilt  machines  of  eighty  pieces  of  soft  sheet  iron  one  millimetre 
^ick  and  stamped  out  to  shape)  is  provided  with  rather  large 
pole-pieces,  and  has  wound  over  it  about  i^  pounds  of  copper 
*ire.  Each  coil  is  distinct  from  the  others,  the  cores  of  two 
adjacent  coils  being  magnetically  insulated  {at  X  V,  fig.  132)  by 
^  thin  strip  of  copper.     The  wheel  or  frame  to  which  the  coils 
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are  attached  is  furnished  with  a  number  of  substantial  lugs.  TTk 
ends  of  the  pole  pieces  of  the  cores  are  placed  between  these  to^ 
and,  being  provided  with  semi -cylindrical  grooves  of  the  neceasai;^ 
dimensions,  the  whole  are  firmly  fastened  t<^ether  by  bolts, 
is  important  to  notice  that  the  extensions  of  the  cores  rednce  the 
air-space  between  the  poles  of  the  permanent  magnets  and  tbe 
!.,(;.,„.  cores  to  a  miniii 

and  therefore  con- 
duce to  the  projec- 
tion of  the  highest 
possible  DU 
of  lines  of  force 
th  rough  the  coils  and 
consequently  ti 
generation  of  the 
I  maximum  attain^ile  1 

[   E.M.F. 

The  field  is  pro- 
duced by  a  series 
of  eight  compouiid 
steel  magnets  fiud 
horizontally  rooDd 
the  armature  ring,  by  means  of  a  brass  framework.  The  inno 
surfaces  of  the  magnets  are  provided  with  small  soft  iron  prfe- 
pieces,  so  that  the  coils  in  revolving  pass  as  close  to  the  fidd- 
magnets  as  possible.  The  magnets  are  disposed  uniformly  rouDil 
the  ring,  the  coils  passing,  therefore,  north  and  south  poles  alter- 
nately. 

I'hc  distance  between  the  limbs  of  each  magnet  being  exactly 
equal  to  that  between  the  opposite  poles  of  the  adjacent  magnets. 
and  this  distance  being  also  equal  to  the  length  of  each  coil,  it 
follows  that,  on  the  armature  being  rotated,  each  coil  passes  sixteen 
alternate  poles  in  one  revolution.  The  manner  in  which  tht 
currents  are  induced  can  best  be  appreciated  by  a  reference  to 
fiff.  131,  where  the  ring  has  only  four  coils  which  rotate  between  a 
similar  number  of  magnet  poles,  N  s  N  s,  one  coil  or  segment,  a  b, 
being  shown  in  section.  ^V'hen  the  coils  are  in  the  position  shown. 
the  minimum  number  of  lines  of  force  is,  at  that  moment,  passing 
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dirough  them,  but  after  traversing  another  45**,  the  core-extensions 
mil  be  opposite  the  field-magnet  poles,  and  the  coils  will  then 
embrace  the  maximum  number  of  lines  of  force ;  at  this  latter 
point  the  reversal  of  the  current  takes  place.    The  coils  being 
all  wound  in  the  same  direction 
and  all    connected    together  in 
series,  it  is  evident  that  the  cur- 
rent in   the   adjacent  coils  will 
be  opposite  in  direction  to  that 
taken  by  the  current  in  a  b,  as  they 
are  passing   through    fields  de- 
veloped by  the  south  poles.   Were 
the  adjacent  ends  of  the  neigh- 
bouring coils  connected  together, 
the  currents  in  the  various  coils 
would  therefore  neutralise  each 
other  and   no  electricity   could 
be  urged   through   the  external 
circuit.    This  difficulty,  however,  can  be  very  readily  obviated,  as 
wQl  be  made  evident  by  a  reference  to  fig.  133.     Instead  of  con- 
necting the  adjacent  ends  of  two  coils  together,  the  connection  is 
made  between  their 
two    similar    ends, 
that  is  to   say,  the 
end  of  the  coil  a  to 
the  left  hand  is  con- 
nected to  the  similar 
end  of  B,  while  the 
end  of  B  to  the  right 
hand  is  connected 
to  the  right-hand  end  of  c,  and  so  on.     In  this  way,  although  the 
cunents  in  the  various  coils  are  generated  in  opposite  directions, 
they,  instead  of  neutralising  one  another,  are  made  to  take  one 
^tamon  direction  through  the  circuit.    This  does  not,  of  course, 
alter  the  fact  that  the  currrent  delivered  by  the  dynamo  is  an  alter- 
nating one,  that  is  to  say,  as  the  coils  advance  from  one  set  of 
magnet  poles  to  the  next,  the  direction  of  the  current  in  the  whole 
of  the  coils  is  reversed,  and  therefore,  also,  the  direction  of  the 
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current  in  the  external  circuit.    The  whole  of  the  coils  in  % 
130  being  joined  together  in  series,  the  total  E.M.F.  developed  ii 
sixteen  times  that  developed  in  one  of  the  coils.    In  the  moie 
recent  form  of  this  machine  there  are  five  armature  rings,  ead) 
with  its  sixteen  coils  and  eight  compound  magnets.    The  latt& 
are,  for  very  apparent  mechanical  reasons,  fixed  radially  instead 
of  longitudinally,  and  they  have  a  total  weight  of  about  one  toa. 
The  eighty  coils  are  divided  into  two  circuits  which  are  brou^toi 
four  collecting  rings  mounted  in  pairs  on  an  insulating  bush  fed' 
on  the  principal  shaft  of  the  machine  and,  therefore,  revolving  vitk 
it.    This  type  is  almost  exclusively  employed  for  lighthouse  po- 
poses,  and  its  e.m.f.  varies  almost  directly  with  the  speed  of  roo- 
tion.     It  is  unusually  strong  in  design,  the  parts  being  also  fiid 
together  in  such  a  manner  as  to  permit  of  their  being,  via 
defective  or  injured,  very  easily  removed  for  renewal  or  repaiL 

It  has  been  pointed  out  that  the  best  means  avaHaUe^ti 
increasing  the  e.m.f.  and  therefore,  also,  the  strength  of  thecmr^j 
yielded  by  a  machine,  is  to  increase  the  strength  of  the  fiA 
Now  there  is  a  limit,  which  is  soon  reached,  to  the  field  obtaimsici 
with  permanent  steel  magnets  even  if  built  up  of  thin  scctsK , 
because  the  maximum  number  of  lines  of  force  which  can  be  | 
urged  through  steel  is  comparatively  low,  and  even  then  oahij 
portion  of  this  number  can  be  permanently  retained,  whereas  *^i 
good  soft  iron  a  far  greater  number  can  be  forced  through-  if^ 
lines  of  force  are  produced  by  a  current  circulating  in  aflVl^ 
wire  enveloping  the  iron,  the  question  of  retentivity  does  nUtioej 
Consequently,  to  develop  a  given  amount  of  power,  a  madmieBJ 
which  the  field  is  produced  by  electro-magnets  is  conadcnb^ 
smaller  than  one  in  which  steel  magnets  are  employed. 

Primary  batteries  might  be,  and  in  fact  were  at  one  time, 
to  furnish  the  current  for  the  purpose  of  exciting  the  field- 
but  it  is  far  more  economical  and  advantageous  to  obtain 
current  by  means  of  a  small  dynamo.    This  auxiliary 
which  we  will  for  the  present  refer  to  as  the  exciter,  must  be 
to  excite  itself  and  to  yield  a  current  continuous  in 
Descriptions  of  many  such  dynamos  will  be  found  in  the  f< 
chapters. 

We  can  scarcely  do  better,  in  commencing  a  study  rf 
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iDodeiT)  forms  of  alternating  machines,  than  describe  one  which 
irould  appear  to  follow  as  a  natuml  evolution  of  the  De  Meritens. 
Such  a  machine,  excellent  alike  in  its  mechanical  and  its  electrical 
details,  is  the  one  designed  by  Mr.  Gisbert  Kapp,  and  illustrated 
in  fig.  134,  which  also  shows  the  small  excitCT  mounted  on  an 
extension  of  the  main  bed-plate,  its  armature  being  also  fixed  on 


to  the  main  shaft.  The  field  is  produced  by  two  crowns  ot  short 
tylindrical  electro-magnets,  the  cores  of  which  are  of  wrought-iron 
4^  inches  in  diameter,  fixed  at  one  end  into  cast-iron  yoke  rings, 
lid  provided  at  their  inner  ends  with  rectangular  pole-faces, 
wtween  which  the  armature  revolves.  There  are  twenty-eight  of 
these  magnets,  fourteen  in  each  crown.  Each  magnet  is  wound 
wth  i86  turns  of  thick  insulated  copper  wire,  the  whole  of  the 
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coils  being  joined  in  series  and  offering  a  total  resistance  of  1*76 
ohms.  The  winding  of  these  coils  is  such  that  the  magnd! 
forming  each  of  the  crowns  alternate  in  polarity,  while  the  qipos* 
ing  faces  are  of  the  same  polarity.  One  continuous  core  is  lisd 
for  the*whole  of  the  coils  in  the  armature,  and  is  built  op  bf 
winding  thin  band-iron  upon  a  cast-iron  supporting  ring,  the  byai 
being  insulated  by  varnish  to  prevent  the  flow  of  eddy  cunczfi^ 
The  section  of  this  core  is  almost  rectangular,  with  its  greater 
dimension  radial.  The  armature  wire  offers  a  resistance  of  if 
ohms,  and  is  divided  into  fourteen  coils,  wound  over  the  cos 
ring,  each  coil  consisting  of  eighty  turns  of  insulated  wire  iss 
mils  (0*12  inch)  in  diameter,  wound  in  two  layers. 

The  manner  in  which  the  currents  are  generated  as  the  vs^ 
ture  rapidly  revolves  through  the  alternate  fields  is  very  sJmilarBt 
the  method  of  production  in  the  De  Meritens  machine.  In  te 
case,  however,  the  lines  of  force  enter  the  armature  at  both  sidM 
of  the  flat  ring  instead  of  at  one  side  only. 

The  extremities  of  the  armature  wire  are  connected  to  a 
of  brass  rings  on  the  shaft,  from  which  the  current  is  collect 
copper  brushes.    As  the  e.m.f.  of  these  machines  is  usually 
it  is  a  frequent  practice  to  place  the  collector-rin^  cwi 
sides  of  the  armature,  so  that  the  attendant  cannot  touch 
brushes  at  the  same  time. 

The  machine  illustrated  is  one  constructed  within  the  bst 
months.     Before  being  put  into  practical  use  a  number  of 
riments  were  performed  to  ascertain  its  capabilities.     On 
occasion  it  was  driven  at  600  revolutions  per  minute,  and, 
exciting  current  being  9  amperes,  the  total  e.m.f.  devdqied 
open  circuit  was  1,000  volts.     When  the  exciting  current 
increased  to  21  amperes  the  e.m.f.  rose  to  2,400  volts.     WiA 
same  exciting  current  and  the  armature  of  the  alternate^'  j 
through  an  external  resistance  and  a  dynamometer,  a  conest 
30  amperes  was  generated,  the  e.m.f.  at  the  terminals  then 
2,000  volts.    The  available  output  was  therefore  60,000 
The  power  absorbed  in  exciting  the  field-magnets  was  775 
or  about  1*3  per  cent  of  the  total  output,  the  loss  in  the 
due  to  its  resistance  being  27  per  cent 

The  cast-iron  bed-plate  is  very  substantial,  and  the  roetliod 
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siting  the  yoke-rings  to  it  and  to  each  other  is  clearly  shown  in 
le  illustration. 

When  all  the  coils  are  joined  in  series,  the  total  e.m.f.  at  the 
oUecting  brushes  is  equal  to  that  developed  by  one  coil  multiplied 
y  the  number  of  coils,  but  occasionally,  in  such  machines,  a 
3wer  E.M.F.  with  a  heavier  current  is  desired,  and  then  the  coOs 
ire  joined  in  parallel,  either  in  two  sets,  or  as  may  be  required. 
\xi  equal  E.M.F.  might,  of  course,  be  obtained  with  fewer  coils  and 
»le-pieces,  provided  the  number  of  lines  cut  in  the  same  time 
md  the  number  of  convolutions  in  series  is  made  the  same  ;  but 
lie  great  advantage  accruing  to  the  use  of  a  large  number  of  pole- 
pieces  and  coils  is  that  a  rapidly  alternating  current  can  be  ob- 
tained without  rotating  the  armature  at  an  enormous  speed,  and 
so  introducing  mechanical  difficulties. 

It  ought  perhaps  to  be  explained  here  that  the  current,  or  rather 

currents,  resulting  from  one  complete  rotation  of  a  coil  in  a  simple 

field,  which  may  be  represented  by  the  curve  a  c  e  f  in  fig.  120,  is 

called  an  *  alternation,'  and  any  similar  pair  of  currents  developed 

by  any  armature  with  any  field  is  also  called  an  alternation.     In 

estimating  the  rapidity  with  which  a  current  is  reversed,  it  is  better 

to  speak  of  the  number  of  such  alternations  which  take  place  in  a 

second,  rather  than  the  number  of  reversals.     The  majority  of  the 

machines  at  present  in  use  work  at  from  80  to  100  alternations 

per  second,  and  to  obtain  the  latter  number  a  single  coil  in  a  single 

field  would  have  to  be  driven  at  6,000  revolutions  a  minute.     But 

although  a  rapidly  alternating  cuirent  can  be  easily  obtained  with 

a  large  number  of  pole-pieces,  a  disadvantage  results  from  the  fact 

tbat  these  pole-pieces  alternate  in  polarity  all  round  each  crown. 

Each  pole-piece  is  flanked  on  either  side  by  others  of  opposite 

polarity,  and  a  very  large  percentage  of  the  lines  of  force  leak 

across  between  adjacent  limbs,  instead  of  passing  through  the 

annature  core,  and  are  wasted,  since  they  cannot  be  cut  by  the 

conductor.     This  defect  also  exists  in  the  two  machines  next  to 

be  described,  where  the  armature  contains  no  iron. 

The  form  of  alternating  current  dynamo  constructed  by  Siemens 
is  illustrated,  together  with  its  exciter,  which  is  driven,  independently, 
from  the  main  shaft,  in  fig.  135.  The  field-magnets  present  an 
appearance  similar  to  that  of  those  in  the  Kapp  machine,  consist- 
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ing,  as  they  do,  of  two  opposing  crowns  of  c>-lindnc2l  e 
magnets,  Imt  with  the  essential  difference  in  the  winding  that  j 


facing  pole-pieces  arc  of  opposite  polarity.     The  adjacent  p 
pieces  on  each  frame  resemble  the  Kapp  in  being  also  of  oj 
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arity.  The  anangement  is  cleaily  indicated  in  fig.  136,  which 
(ws  three  pairs  of  magnets  and  three  ideal  armature  coils,  and  it 
I  be  evident  that,  with  this  disposition,  the  lines  of  force  pass 
[n  pole  to  pole,  straight  across  the  annature  space.  The  plane 
the  armature  coils  is  coincident  with  the  plane  of  rotation,  so  that 
coils,  in  rotating,  cut  through  a  series  of  powerful  fields  with 
lines  of  force  alternating  in  direction.  As  through  any  adjacent 
r  of  coils  the  direction  of  the  lines  of  force  is  opposite,  it  is 


essary,  in  order  to  prevent  the  current  induced  ii 
e  that  induced  in  the  other,  either  to  make  the  c 
he  case  of  the  De  Meritens  (fig.  1 33),  or  to  wind  the  bobbins  as 
It-  and  left-handed  helices  alternately,  after  the  manner  shown 
fa,  1 36.  'ITie  numljer  of  armature  coils  being  the  same  as  the 
Aber  of  fields,  it  follows  tha*  all'these  coils  are,  at  any  jiarticular 
Dent,  equally  active.  Referring  to  fig.  136,  in  which  the 
•ction  of  rotation  is  left-handed,  it  will  be  seen  that  the  coils 
just  leaving  the  pole-pieces,  and  currents  are  being  gene 
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rated  in  the  directions  indicated  by  the  small  arrows.  The  LM.ri 
increases  until  the  coils  arrive  at  positions  midway  between  im 
pole-pieces,  where  it  is  a  maximum,  because  at  that  moment  th 
forward  half  of  each  coil  is  cutting  lines  of  force  in  one  directioi 
and  the  rear  half  in  the  other  direction.  And  the  induced  CB 
rents,  flowing  outwards  in  one  half  and  inwards  in  the  otlx| 
coincide  in  direction  round  the  coil.  Every  line  of  force  thenci 
by  the  coil  is  being  usefully  employed.  When  this  middle  posiii 
is  passed,  the  number  of  lines  cut  by  the  front  half  increases,  lU 
the  number  cut  by  the  rear  half  decreases,  and  this  condooB 
until  both  halves  of  the  coil  are  cutting  lines  of  force  whki  d 
all  in  one  direction.  Consequently,  an  opposing  e.m.f.  is  indaod 
in  the  rear  half,  the  value  of  which  increases  until  the  caili 
exactly  opposite  the  pole-pieces,  when  both  halves  will  be  cnaai 
an  equal  number  of  lines  of  force,  which  are  all  in  the  same  ^ 
tion  ;  whence  equal  and  opposite  e".m.f.'s  will  be  induced  iai 
two  halves  of  the  coil,  thus  neutralising  each  other.  At  tUspoi^ 
then,  the  reversal  in  the  direction  of  the  current  takes  pbce,i| 
on  passing  forward,  the  front  half  of  each  coil  is  cutdi)|N 
instead  of  more,  lines  of  force  than  the  rear  half.  The  numbff^ 
alternations  in  each  revolution  corresponds,  therefore,  wittifl 
number  of  coils,  or,  what  is  the  same  thing,  with  the  numbsi 
fields. 

In  practice,  the  machine  is  built  up  on  a  cast-iron  bed-pM 
to  which  are  securely  fixed  two  circular  frames,  united  and  M 
m  position  by  a  stout  iron  stay.  An  equal  and  even  nmaM 
electro-magnets  is  fixed  to  each  frame,  the  cores  being  tn( 
down  so  as  to  fit  into  holes  drilled  through  the  frames.  TA 
ends  are  likewise  tapped,  and,  nuts  being  screwed  on  on  I 
outside,  the  electro-magnets  are  fixed  firmly  in  position.  t| 
inner  ends  of  the  cores  are  furnished  with  radial  pole-ptca^l 
concentrate  the  fields  and  increase  the  number  of  lines  of  M 
passing  through  the  rotating  armature  coils.  i 

The  armature  is  fitted  up  by  attaching  the  coils,  niaclil| 
wound  over  wooden  cores,  round  the  circumference  of  a 
wheel  which  is  mounted  on  the  shaft.    The  coils,  instead  of  1 
circular,  like  those  in  fig.  136,  are  pear-shaped. 

A  general  view  of  the  latest  form  of  machine  designed  by 
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K.  de  Ferranti,  is  given  in  fig.  137,  the  particular  one  illustrated 
■ag  constructed  to  develop  1 50  electrical  horse-power.  The  fieid- 
Snets  are  similar  in  principle  to  those  in  the  Siemens  Alternator, 
3  consist  of  two  sets  of  electro-magnets,  attached  to  massive  iron 
^  fotming  the  yokes,  the  magnetisation  of  the  pole-pieces  round 
^  ring  being  alternately  north  and  south,  and  the  facing  pole- 
sees  also  of  opposite  polarity,  so  as  to  develop  a  series  of  very  power- 


id  fields,  alternating  in  direction.  The  framework  carrying"  each 
Ktwn,  or  ring,  of  field-magnets  is  divided  vertically  into  two  halves, 
«to:h,  on  being  unbolted,  can  be  slid  out  of  position  in  a  direction 
11  right  angles  to  the  shaft,  and  so  afford  access  to  the  interior  for 
deaning  or  repair.  It  may  be  mentioned  that  in  larger^machines 
t  Deptford  a  small  steam-engine  is  specially  provided  for  the  pur- 
pose of  withdrawing  the  Jield-magnets  when  necessary. 
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The  machine  is  driven  by  rope  gearing,  the  pulln  ben; 
grooved  for  the  purpose. 

The  method  of  securing  the  cores  of  the  magnets  to  the  >M^ 
rings  is  unique.  The  wrought-iron  cores  of  half  the  migrei 
forming  each  crown  are  fixed  in  a  mould,  and  the  haJ/irf* 
yoke-ring  is  then  cast  on  to  them,  making  in  that  way  ibe 
and  simplest  form  of  magnetic  connection  between  the  wrc^d 
and  cast-iron  sections  of  the  field-magnets. 

The  great  feature  of  the  original  Ferranti  machine  co.i^ 
in  the  construction  of  the  armature,  which  is  illustrated  ui( 
138.      The  heavy  zigzag  line   represents  half  of  the  xmsst 


which  consists  of  a  copper  ribbon  bent  round  and  bulu 
non-magnedc  framework  attached  to  the  shaft    The  £ices  of' 
set  of  field-magnets  are  shown  behind  the  armature  sir^  \ 
will  be  seen  that  the  space  occupied  by  each  complete  bend 
armature  is  equal  to  that  of  two  field-magnet  coils,  the  ifii 
between  two  straight  radial  portions  being  equal  to  the  «i 
one  coil.    When  the  armature  is  rotated  all  the  radial  poctica 
the  strip  are  usefull}'  employed  in  developing   E.i[.r. 
particular  moment  each  of  these  portions  is  cutting  lines  <i  i 
in  a  direction  reverse  to    that  of  its   immediate    ne^ba 
Consequently,  opposite  currents  are  generated  in  adjacotf  a 
portions,  but  the  zigzag  winding  naturally  makes  all  iIk 
taneously  generated  currents  travel  round  the  armucrt. 
common  direction. 
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Alternate  current  machines  being  usually  required  to  develop 
i^^  electro-motive  force,  such  a  simple  winding  is  of  little  ser- 
e^  although  it  answers  the  purpose  admirably  when  only  a  low 
Btro-motive  force  is  required.  The  e.m.f.  developed  is,  of 
trse,  proportional  to  the  actual  number  of  the  straight  radial 
tions  of  the  armature  wire  which  cut  the  lines  of  force  trans- 
Bely*  It  is  manifest  that  to  greatly  increase  this  number  in  a 
pie  zigzag  form  would  be  impracticable,  from  the  fact  that  the 
ober  of  field-magnet  bobbins  must  always  be  twice  that  of  the 
ps  in  the  armature.  The  |)ractice,  therefore,  is  to  coil  the 
|)er  ribbon  several  times  round  a  number  of  non-magnetic, 
T-shaped  bobbins.  Then,  if  the  whole  of  the  bobbins  are  con- 
ted  in  series,  the  total  e.m.f.  developed  will  be  equal  to  the 
IF.  of  one  multiplied  by  the  total  number  of  bobbins.  But  it 
o  unusual  thing  for  a  machine  to  develop  an  e.m.f.  of  several 
Eisand  volts,  and,  were  this  method  of  joining-up  adopted, 
cms  difficulties  in  maintaining  insulation  would  arise  at  the 
ends  of  the  series  where  connection  is  made  with  the  external 
uit,  owing  to  the  fact  that  there  the  potential  difference  between 
two  adjacent  coils  would  be  the  maximum  developed  by  the 
iiine.  Consequently,  the  armature  coils  are  always  grouped  in 
iHel  sets,  generally  two,  as  shown  in  fig.  139.  By  the  arrange- 
K  here  illustrated,  the  potential  difference  between  any  two 
ucent  wires  can  never  be  more  than  that  developed  in  one 
bin,  but  the  total  e.m.f.  of  the  machine  is  reduced  to  half  of 
t  it  would  be,  were  the  whole  of  the  coils  joined  in  series. 
139  shows  very  clearly  the  way  in  which  the  coils  are  joined 
ther.  Since  the  current  is  induced  in  the  opposite  direction  in 
cent  coils,  it  becomes  necessary  to  connect  alternately  the  two 
X  and  the  two  outer  ends  of  the  coils  together,  otherwise  the 
F.  of  one  coil  would  neutralise  that  of  its  neighbour.  The 
ents  generated  alternate  rapidly,  but  the  arrow-heads  indicate 
lirection  which  the  current  takes  at  one  particular  moment. 
nd  Ba  are  the  brushes  connected  to  the  external  circuit,  by 
US  of  which  the  currents  are  conveyed  from  the  insulated 
lllic  rings  on  the  armature  shaft. 

rhere  are  at  the  Grosvenor  Gallery  Station   two   Fenanti 
unos,  each  of  625  horse-power,  and  a  few  details  concerning 
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them  ivill  be  instructive.     The  mean  diameter  of  the  a 
7  feet,  and  it  comprises  40  coils,  joined  up  in  two  sets  of  sa  1 
copper  ribbon  is    12-5  millimetres  wide,  and  075  milliitene 
thickness,   twenty-five  turns  being  wound  over  a 
(insulated  with  asbestos)  to  form  each  coil,  the  convolutions h( 
insulated  by  means  of  a  continuous  strip  of  fibre,  0*5  n 
thick,  wound  on  with  the  copper.     The  inner  end  of  each  cA 


connected  to  the  brass  core,  these  cores  being  also  * 
connected  together  in  pairs,  as  indicated  in  fig.  139,     In  «« 
what  similar  manner  the  outer  ends  of  the  coils  are  c 
together  in  jMiirs  through  the  supporting  framework. 

The  peripheral  velocity  of  the  armature  is  6,050  fM 
minute,  and,  manifestly,  special  attention  has  to  be  paid  n 
method  of  fixing  the  coils  to  prevent  tlieir  flying  out. 

The  external  potential  difl'erence  developed  is  1,400  fdi| 


^..:iv:A..J 


ed  to  I30  volts.    The  resistance  of  the  armature  from  brush 
)niBh  is  o'i76  ohm. 
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The  field-magnets  are  excited  by  a  separate  dynamo, 
electrical  horse-power  being  thus  absorbed.  There  are  Sob 
on  each  yoke-ring.  The  distance  between  the  faces  of  q 
pole-pieces  is  only  o'875  inch,  which  is  one  of  the  ito] 
advantages  pertaining  to  this  form  of  armature  ;  for  the  « 
of  the  opposite  pole-faces  reduces  the  wasteful  leakage  h 
adjacent  pole-pieces. 

One  of  the  most  interesting  and  most  iiiiportant 

recent  construction  is  that  designed  by  Mr.  \V.  M.  Mordej, 

illustrated  in  fig.  140.     We  have  in  this  machine  two  dqad 

Yw.  141,  from  the  pM 

adopted   in  < 

stnicting  tht 

chines 

described,  i 

lirst      pkc^ 


and  the  field 

lift    rotated : 

in       the      I 

I  place,  the  & 

I    force  in  the* 

fields       pKfl 

I  through  the  I 

'  ture  coil  are) 

oni;  dir 

pole -pieces  a 

side  of  the  ■ 

tore  beic^  ■ 

north  |)olaril}ij 

)  those  on  the) 

side  of  s 

larit)'.     TTwi 

of  exciting  powL-r  dui;  to  leakage  between  adjacent  poitf 
is  therefore  eliminated. 

The  armature,  which  is  shown  in  fig.  141,  consists  of  an 
of  coils  of  copper  ribbon,  wound  on  cores  of  paraffined  W 
other  non-coiuluciing  male-rial,    the  different   layers  or  M 
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ibbon  being  insulated  one  from  another,  and  the  whole  of  the 
urns  in  each  coil  bound  together  with  strips  of  prepared  tape, 
iach  coil  is  bolted  at  the  outer  or  broad  end  between  two  brackets^ 
he  ends  of  the  conductor  being  brought  out  through  porcelain 
Dsulators.  The  brackets,  being  bolted  to  the  large  gun-metal 
Ripporting  ring,  are  securely  and  rigidly  held  in  position,  and  the 
netal  supports,  which  do  not  anywhere  come  between  the  poles 
if  the  field-magnets,  are  almost  entirely  beyond  the  magnetic 
Seld.  In  this  way  the  generation  of  wasteful  eddy  currents  is  re- 
duced to  a  minimum,  any  slight  loss  that  might  arise  from  this 
cause  being  still  further  reduced  by  the  employment  of  German 
silver  for  the  brackets  and  bolts,  as  the  high  resistance  of  this 
alloy  prevents  the  generation  of  any  but  exceedingly  feeble  cur- 
rents. The  gun-metal  supporting  ring,  which  is  bolted  to  the 
bed-plate  of  the  machine,  is  in  two  portions,  being  divided  in  a 
vertical  diametrical  line.  These  two  parts,  after  having  received 
the  coils,  are  bolted  together  and  to  the  bed-plate,  the  field- 
magnets  being,  however,  previously  placed  in  position.  By  this 
device  single  coils,  should  they  become  faulty,  can  be  easily  and 
quickly  removed  for  renewal  or  repair;  or  each  half  of  the 
annature  can  be  removed  without  difficulty  by  sliding  it  on  to  the 
stool  shown  in  the  figure. 

The  shape  of  the  field-magnet  is  most  remarkable,  and  differs 
altogether  from  that  of  any  other  machine  yet  constmcted. 

It  consists  of  a  single  electro-magnet  built  up  in  the  following 
'Qanner  :  A  short  cylinder  of  iron,  through  the  axis  of  which  the 
s^t  passes,  forms  the  core  of  the  magnet,  and  is  wound  with  the 
^ting  coiL     To  each  end  of  this  cylinder  or  core  is  attached  a 
'nassive  iron  casting  of  peculiar  form,  which  will  be  best  under- 
stood fi-om  fig.  142.     Each  casting  consists  of  a  number  of  horns 
or  claws,  which  bend  over  from  their  common  junction,  so  that 
the  extremities  of  the  two  sets  of  pole-pieces  approach  within  a 
^ery  short  distance  of  each  other,  the  narrow  polar  gap  or  slit  thus 
formed  being  only  just  wide  enough  to  contain  the  armature  coils 
'^thout  touching  them  when  the  entire  field-magnet  is  revolved, 
^e  ends  of  the  *  exciting  *  coil  (which  is  to  be  seen  inside  the 
pole-pieces  in  fig.  142)  are  connected  to  collector-rings  on  the 
shaf^  as  shown  at  c  to  the  right  of  the  figure.    These  might  be 
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dispensed  with,  and  the  exciting  coil,  as  well  as  the  antuni% 
might  be  made  stationary.     The  core  and  its  pole-pieces  nril 
then  be  the  only  portions  revolving,  and  the  electrical  effect  wdi 
be  the  same,  hut  serious  mechanical  difficollies  would  ari« " 
fixing  the  coil.     Hence,  it  is  far  preferable  to  attach 
rotating  cylinder.     The  simplicity  of  this  form  of  field -magna; 
one  of  its  great  features,  as  a  single  exciting  coil  suffices  f 
machine  of  any  size,  speed,  or  number  of  alternations.    Theli 
rotating   field- magnet   acts  very   efficiently   as   a    fly-wheel, 


w  1  1  I  tri  1  :  limits  an>  puli.ations  due  to  irregulantj  m  tb 
Ol  iln  n.,inL  Further,  as  the  larts  revolving  at  the 
vtiui  il\  jrt  siniplj  sohd  massts  of  iron  of  the  strongest  i 
tion,  thL  elirtric-il  and  mechanical  considerations  which 
render  Ion  speed  idM--ib!e  do  not  ipply  here  The 
the  armature  coils  is  also  simplified,  and  being 
"-ed  <3nly  to  be  supported  with  a  view  to  resisting  the  dng< 
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ield    The  armature  is  held  in  its  vertical  position  by  substantial 
lonzontal  brackets  bolted  on  to  the  bearing-standards. 

The  method  of  joining  the  armature  coils  together  is  similar  in 
ffindple  to  that  illustrated  in  fig.  139,  the  inner  ends  of  the  coils 
)eing  joined  together  by  short  copper  rods  on  one  face  of  the 
lame,  and  the  outer  ends  on  the  other  face.  The  position  of  one 
a  these  sets  of  connecting  wires  or  rods  can  be  seen  in  fig.  141. 
rhe  number  of  alternations  during  each  revolution  is  the  same  as 
in  the  case  of  a  Siemens  or  a  Ferranti  machine  having  an  equal 
number  of  armature  coils,  although  the  number  of  pole-pieces  is 
reduced  to  one  half.  This  arises  from  the  fact  that  the  current  in 
each  coil  is  reversed  at  that  moment  when  it  is  between  two  oppo- 
site pole-faceSy  and  again  when  it  is  midway  between  two  adjacent 
pairs  of  pole-pieces — that  is  to  say,  at  the  moment  when  it  has  the 
inudmum  number  of  lines  of  force  thrust  through  it,  and  again 
when  it  embraces  the  minimum  number. 

Since  the  armature  coils  are  similar  as  regards  shape  and  the 
length  of  ribbon  wound  on  them,  and  as  the  various  fields  projected 
tiuough  them  are  at  any  moment  equal,  the  e.m.f.  of  any  one  coil 
llan  aliquot  part  of  the  whole  ;  and,  as  all  the  coils  are  fixed,  the 
&M.F.  developed  in  any  one  coil  can  be  easily  measured,  and  the 
gross  E.M.F.  deduced  therefrom.    As  the  range  in  a  single  coil  is 
usually  from  100  to  150  volts,  an  ordinary  voltmeter,  such  as  the 
Cardew,  can  be  used  for  the  purpose,  whereas,  to  measure  the  total 
potential  difference  directly,  an  exceptionally  high  resistance  volt- 
meter, or  an  electrometer,  would  be  required.     The  machine  is 
therefore  fitted  with  a  special  pair  of  voltmeter  terminals,  connected 
to  the  ends  of  one  coil,  for  the  purpose  of  making  this  measure- 
ment. 

Another  point  in  favour  of  this  machine  is  that  the  arrange- 
ment of  the  armature  coils  can,  if  required,  be  readily  altered  to 
^  the  E.M.F.  and  current  developed.  For  example,  if  it  were 
required  to  reduce  the  e.m.f.  of  a  2,000-volt  machine  to  1,000 
volts,  this  could  quickly  be  done  by  dividing  the  armature  coils 
into  two  sets  and  joining  them  together  in  parallel,  the  machine 
Wng  then  capable  of  developing  twice  the  current  strength.  In 
^y  case  the  total  electrical  output,  or  the  energy  developed, 
would  be  the  same. 
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The  machine  illustrated  in  fig.  140  is  the  latest  pattern  of  the 
Mordey  Alternator.  In  the  earlier  machines,  copper  dishes  vexe 
attached  outside  the  cast-iron  claws  of  the  field-magnets,  far  the 
purpose  of  reducing  the  amount  of  air-churning  which  would 
otherwise  occasion  loss  of  energy.  The  claws,  in  iig.  142,  are 
shown  without  these  dishes ;  in  the  newer  form  of  the  machine 
they  are  dispensed  with,  the  claws  being  simply  webbed  together 
in  the  casting,  when  they  present  the  appearance  shown  in 
fig.  140. 

The  field-magnet  is  excited  by  the  current  from  a  small  Vic- 
toria direct-current  dynamo,  which  is  mounted  on  a  bracket  pro- 
jecting from  the  main  bed-plate,  its  shaft  being  coupled  direct  to 
the  alternator  shaft,  so  that  the  two  machines  are  driven  together. 

A  long  thrust-bearing  is  employed  to  prevent  end-play,  since 
the  space  between  the  pole-faces  and  armature  is  very  small,  and 
it  is  adjustable  longitudinally,  for  the  purpose  of  enabling  the 
field-magnet  to  be  symmetrically  disposed  with  regard  to  the 
armature.  The  armature  terminals  are  placed  on  the  upper 
portion  of  the  gun-metal  supporting  ring. 

The  machine,  when  driven  at  500  revolutions  per  minute^  is 
capable  of  developing  75,000  watts,  or  100  electrical  horse-power, 
at  an  e.m.f.  of  2,000  volts.  900  watts  are  required  for  the  pur- 
pose of  exciting  the  field-magnets.  On  account  of  there  bang 
no  iron  in  the  armature,  and  the  attention  devoted  to  small  detaOs 
such  as  the  use  of  German  silver  for  the  coil-fittings,  the  waste  of 
power  due  to  eddy  currents  is  very  small ;  and  this  loss,  added  to 
that  due  to  friction,  which,  owing  to  good  mechanical  constructioD, 
is  also  very  low,  amounts  to  but  5  horse-power,  that  being  the 
power  required  to  drive  the  machine  at  full  speed  on  open  circuit 
(or  when  the  armature  is  disconnected),  the  field-magnets  being 
excited  to  their  maximum. 

In  many  cases  the  output  demanded  from  a  dynamo  varies 
considerably  at  different  times.  For  instance,  twice  as  much 
power  may  be  required  to  supply  lamps  at  one  time  as  at  another. 

It  is  not  economical  to  use  one  large  machine,  capable  of 
meeting  the  maximum  demand,  and  run  it  to  give  a  small  output 
at  other  times,  but,  fortunately,  it  is  possible  to  join  up  two  (or 
even  more)  alternating-current  dynamos  so  as  to  feed  the  same 
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ircuit  simultaneously  when  required,  switching  out  and  stopping 
me  when  the  other  is  able  to  meet  the  low  demand. 

The  armatures  must  not  be  joined  up  in  series,  but  in  parallel, 
md  the  machines  may  be  driven  by  belts  from  the  same  shafting, 
IT,  if  necessary,  from  independent  engines  running  at  about  equal 
speeds.  In  practice  the  latter  course  is  usually  adopted,  since  it 
IS  bad  economy  to  employ  a  large  engine  to  develop  the  power 
required  by  a  small  machine. 

But  parallel  working  is  only  practicable  when  in  both  machines 
die  rates  of  alternation  are  equal,  and  the  alternations  '  co-phasal ' 
— ^that  is,  when  their  maximum  and  likewise  their  minimum 
E.M.F.'s  occur  simultaneously.  It  is  most  remarkable  that  well- 
designed  machines  can  correct  each  other  and  maintain  this 
synchronism  ;  but,  as  a  most  important  part  of  the  interaction 
depends  upon  the  *  motor '  properties  of  a  dynamo,  further  con- 
sideration of  the  question  must  be  deferred  until  electric  motors 
have  been  dealt  with. 
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CHAPTER  IX.  I 

DYNAMO-ELECTRIC   MACHINES   (DIRECT  CCTRRENT). 

Although  the  sphere  of  usefulness  for  altematiiig-caiiel 
dynamos  has  largely  increased  of  late  years,  there  is  still  i  y^\ 
amount  of  work  which  such  machines  are,  and  always  viQ  b^ 
wholly  incompetent  to  perform.  This  is  notably  the  case  in  coft^i 
nection  with  the  deposition  of  metals  by  electricity,  and  in  ikt 
'  charging '  of  secondary  batteries.  For  these,  and  several  cdier- 
important  purposes,  it  is  essential  that  the  cunent  shofuld  bec»^ 
tinuous,  and  flow  in  one  direction  only.  It  is  possible  to 
matters  so  that  all  the  currents  generate^l  by  a  dynamo  shall  be 
to  flow  in  one  direction  in  the  external  circuit,  the  process 
known  as  '  commutation,'  and  the  part  of  the  machine  by  wfaidi 
alteration  is  effected  is  termed  the  *  commutator.'  Diiecdy 
has  been  successfully  performed,  the  dynamo  is  capable  of  a 
and  important  development,  for  it  is  then  possible  to  use  all  or 
part  of  the  current  which  is  generated  in  the  annatuie,  ibr 
purpose  of  magnetising  the  field-magnets.  The  smaller  a 
machine,  which,  in  most  of  the  dynamos  previously  described, 
been  employed  to  excite  the  field-magnets,  can  therefore  be  ds-, 
pensed  with,  and  the  machine  made  *  self-exciting.' 

We  come  then  to  the  consideration  of  the  means  to  be  e»l 
ployed  in  order  that  the  currents  which  are  generated  in  altem 
directions  can  be  commutated  so  as  to  flow  in  one  diiectioQ 
the  external  circuit.  Referring  again  to  fig.  120,  we 
that  the  direction  of  the  current  is  unaltered  (although  it 
E.M.F.,  and  therefore  also  in  strength)  during  the  first  half- 
tion  of  the  rectangle,  and  that,  at  the  end  of  that  half-revohiooiv 
the  reversal  in  direction  takes  place.  Now,  a  moment's  reflectifld 
will  show  that  if,  just  at  the  end  of  this  first  half-revolutioo,  ibc! 
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ntions  of  the  two  brushes  on  their  respective  rings  were  inter- 
laged,  the  current  generated  during  the  second  half  of  the 
olution  would  flow  in  the  same  direction  round  the  external 
rait  as  the  preceding  current  did,  because,  although  really  gene- 
■d  in  the  reverse  direction,  it  is  entering  the  external  circuit  at 
other  end.  This  is  the  fundamental  principle  of  commuta- 
I ;  only,  instead  of  shifting  the  brushes,  the  change  is  effected 
be  right  moment  by  a  modification  of  the  ring  or  rings  against 
ch  they  press. 

The  simplest  possible  form  of  commutator  is  shown  in  section 
ig.  143-  Instead  of  two  brass  ni^  a  single  brass  ring  or  tube 
mployed,  but  with  the  difference  that  p_^  ^^^ 

i^t  lengthways  into  two  halves  or 
BKDts,  a  b,  insulated  one  from  the 
er.  Each  end  of  the  coil  of  wire  is 
■Kcted  to  one  of  these  segments,  and 
Uushcs  or  flat  springs  are  so  situated  , 
'they  press  upon  the  divisions  between 
Moments  at  the  moment  that  the  coil 
I  the  vertical  position — that  is  to  say, 
be  position  where  the  reversal  of  the 
cut  tales  place.  Just  at  that  moment,  then,  the  ends  of  the 
in  contact  with  the  respective  brushes  are  also  reversed,  and 
result  is  that  when  the  coil  is  rotated  uniformly,  a  succession 
bm  currents  passes  through  the  external  circuit,  each  current 
g  and  falling  similarly,  but  all  impelled  through  the  external 
tit  in  the  same  direction. 

Hie  length  of  the  wire  can  easily  be  increased  by  winding  it  in 
mber  of  convolutions,  instead  of  in  a  single  rectangle,  when, 
matter  of  course,  the  e,m.f.  will  be  increased  proportionately, 
the  variation  in  the  e.m.f.  developed  by  an  ideal  altemating- 
ent  dynamo  is  shown  in  fig.  120,  where  the  line  a  b  represents 
lormal  or  zero  potential,  the  curves  above  it  indicating  the  gra- 
rise  and  fall  of,  say,  the  positive  potential,  and  those  below  it 
opposite,  or  negative  potential. 

^  144  exhibits,  in  a  simple  manner,  the  result  of  replacing 
m>  metal  rings  by  a  split  tube,  or  simple  two-part  commutator, 
again  indicates  the  zero  potential,  and  the  curve  acd  the 
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Taiyiz^  pntgntial  der^doped  during  the  first  half-revolutioii ;  bu^ 
instead  of  the  second  hilf  devdofNog  in  the  external  cncuil  t 
ne^tn^  potmfiil,  it  is  cxxnmatated  into  an  external  positive  on^ 
so  that  a  series  of  cnrrents^  each  of  brief  duration,   is  ui^ 

Fic  144- 
C  E 


through  the  external  circuit  in  one  common  direction.  The  Coti| 
^mmmt  of  ourent  generated  is,  however,  the  same  as  befoic^ 
although  its  strength  oscillates  rapidly  between  zero  and  dM 
inaxnnum. 

A  current  varying  so  much  in  strength  is,  however,  of  almost  as 
litde  service  for  many  purposes  as  alternating  currents,  for,  in 
most  cases,  the  current  must  not  only  be  uniform  in  directioiv  ] 


but  constant  in  strength.  The  methods  by  which  an  almost 
steady  current  can  be  obtained  will  be  understood  more  easily 
when  studied  in  connection  with  an  armature  constructed  of  ccSls 
wound  on  a  somewhat  different  system.    In  fig.  145,  ab  indicates 
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*  axis  of  rotation,  and/ ^r  j  a  single  loop  of  wire  which  travels 
jnd  the  circular  path  indicated  by  the  dotted  line.  If  we  sup- 
se  the  lines  of  force  of  the  field  to  be  in  the  direction  of  ef, 
>ng,  or  parallel  to,  a  diameter  of  this  circular  path,  then  they  will 
;  cat  by  the  coil  in  a  manner  somewhat  similar  to  that  of  the 
ctangular  coil  which  we  have  just  been  considering. 

The  movement  from  the  vertical  position  through  the  first  half- 
volution  produces  a  current  which  rises  to  a  maximum  when 
e  coil  has  turned  through  an  angle  of  90°,  and  falls  to  zero  again 
hen  the  coil  reaches  180®,  while  the  current  generated  in  the 
Ext  half-revolution  is  exactly  equal  in  strength,  at  corresponding 
osidons,  though  opposite  in  direction  ;  but  it  can  be  commutated 
1  precisely  the  same  way  as  in  the  case  of  the  rectangular  coil, 
fhe  ends  of  the  coil  are  connected  to  the  metallic  segments 
equivalent  to  a  ^  in  fig.  143)  of  a  simple  two-part  commutator. 

There  is,  however,  one  great  difference  between  the  two 
nethods.  No  portion  of  the  coil  shown  in  fig.  146  acts  preju- 
fidally,  although  the  portions  connecting  the  horizontal  limbs  are 
dways  idle,   inasmuch  as  Fig.  ^^g. 

flaey  do  not  cut,  but  only 
slide,  through  the  lines  of 
force.  But  with  the  coil 
shown  in  fig.  145  the  case 
is  different  There  are 
still  two  idle  connecting 
Vengths^  pr  and  ^x,   but 

the  E.M.F.  induced  in  the 

two  horizontal  limbs  pq 

^  r;  is  in  the   same 

direction    in    each  —  say 

from  p  Xo  q  and  from  r 

to  ^— because  they  always  cut  the  lines  in  a  similar  sense,  although 

at  different  rates  ;  they  therefore  act  in  opposition  to  each  other. 

the  outer  limb/  q  traverses  a  greater  portion  of  the  field  and 

oves  at  a  greater  linear  velocity  than  does  r  x,  and  consequendy, 

it  cuts  more  lines  of  force,  and  at  a  greater  speed,  than  r  x,  the 

•^¥.  generated  by  it  is  the  greater,  the  resulting  current  round 

the  coil  being  therefore  that  due  to  the  preponderance  of  the  e.m.f. 

T 
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of  the  limb/ ^  over  that  of  rs.  Now,  the  lines  of  force  whidi  tl 
outer  limb  cuts  in  excess  of  those  cut  by  the  inner  limb  are  simjd 
those  which  pass  through  the  coil  when  it  is  in  the  zero  postki 
as  in  fig.  145,  and  it  is  evident  that  if  the  field  is  unifomi  and  d 
coil  comparatively  small  the  lines  thus  embraced  will  be  very  ie 
indeed,  and  the  use  of  iron  to  increase  their  number  immediiaJ 

Fig.  X47. 


<— . 


suggests  itself.     It  is  most  advantageous  to  make  the  iron  a  U 
form  of  a  ring,  as  shown  in  fig.  147,  and  cause  it  to  rotatevitkil 

coil. 

In  fig.  148  is  illustrated  the  effect  of  placing  a  ring  (^iiooii 
magnetic  field.    The  apparatus  employed  to  obtain  this  ^ 
consisted  of  a  quantity  of  thin  soft  iron  wire  wound  into  a 
and  placed  between  the  opposite  poles  of  two  powerful  ban 
a  sheet  of  paper  being  laid  over  them,  and  iron  filings 
upon  it.    The  spaces  free  from  filings  represent  those  places 
the  permeability  of  the  iron  is  sufficiently  high  to  iH^evem 
appreciable  number  of  lines  of  force  extending  above  the 
so  as  to  give  direction  to  the  filings.    The  manner  in  whidi| 
lines  converge  into  the  ring  should  be  noted,  and  it  will 
observed  that  at  two  places,  on  a  diameter  at  right  an^in4| 
lines,  the  magnetic  effect  above  the  paper  is  considerable 
reason  for  this  is  that  the  greatest  number  of  bnes  pass 
the  iron  at  these  points,  and  the  permeability  is  suffidentlyj 
to  allow  some  lines  to  leak  above  the  paper.     Compaiativdf  I 
lines  pass  diametrically  across  the  ring,  about  half  di  theo 
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brough  the  upper  and  half  through  the  lower  part  of  it,  and 
herefore  the  inner  limb  of  the  coil  (fig.  147)  cuts  but  very  few 
ines,  and  the  resulting  e.m.f.  is  practically  that  developed  by  the 
nitei  limb  alone. 

In  the  case  illustrated  in  fig.  147  only  one-half  of  the  total 
lumber  of  lines  of  force  urged  through  the  iron  can,  at  any  one 
time,  pass  through  the  coil,  and  some  device  is  therefore  necessary 


to  enable  the  other  half  to  be  utilised.  Now,  since  the  induced 
^M.F.  is  the  same  in  any  given  position  after  the  coil  has  passed 
180"  as  it  was  in  the  corresponding  position  after  it  had  passed 
4e  zero  point,  it  is  clear  that  a  second  coil  might  with  advantage 
t*  placed  at  the  opposite  extremity  of  a  diameter  of  the  circular 
pwh  described  by  the  coil.  We  will  assume  that  the  limbs  on  the 
outer  periphery  alone  are  active,  and  it  will  be  seen  that  if  the 
induced  current  Rows  from  front  to  back  in  the  outer  limb  of  the 
"Pper  coil,  it  will  Row  from  back  to  front  in  the  outer  limb  of  the 
'o«er  coil,  because  these  limbs  always  cut  the  lines  from  opposite 
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sides,  viz.  one  from  above  and  the  other  from  below.  The  lilj. 
is,  however,  at  any  moment  equal  in  each,  and,  by  joining  theeods 
which  are  at  a  positive  potential  to  one  s^ment  and  the  esds 
which  are  at  a  negative  potential  to  the  other  s^ment,  both  cosb 
are  made  to  deliver  their  currents  in  the  same  direction  to  dte 
external  circuit. 

Fig.  149  illustrates  the  arrangement  for  employing  two  sdi 
coils  ;  they  are  similarly  wound  (right-handedly  in  this  case),  aad 

Fig   X49. 


their  adjacent  ends  are  joined  to  the  same  section  of  the  cooni^ 
tator.  Now,  as  they  are  at  opposite  extremities  of  a  diamete^' 
they  pass  at  every  moment  through  parts  of  the  field  where  tbef 
act  with  equal  effect,  and  therefore,  as  already  pointed  oat,  ist 
E.M.F.  will  be  the  same  at  the  extremities  of  each  coiL  Siooedc 
ends  of  the  two  coils,  which  are  at  the  same  e.m.f.,  aie  joined  tt 
the  same  segmeift  of  the  commutator,  the  eum.f.  due  to  both  « 
is  only  the  same  as  that  produced  by  one  of  them.  It  is,  in  6^' 
an  exactly  analogous  case  to  that  of  joining  two  primaij  odk 
of  equal  E.M.F.,  in  parallel.  There  is  also  the  similar  advanfly^ 
here  that  because  the  coils  are  joined  in  parallel  the  intcn^ 
resistance  between  the  two  s^;ments  is  only  half  that  of  one  oq& 
and,  as  we  have  seen,  any  arrangement  that  so  reduces  theinto:^ 
resistance  of  a  current  generator  is  sometimes  very  valuable.  Bp 
increasing  the  number  of  turns  in  the  coils  we  increase  the  sjln 
because  a  greater  number  of  conductors  in  series,  round  the 
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>hery,  are  usefully  cutting  lines  of  force ;  but,  of  course,  the 
umber  roust  be  exactly  the  same  in  each  coil.  In  figs.  147  and 
49  there  are  two  active  conductors  to  each  coil. 
We  are  now  in  a  position  to  proceed  with  the  consideration  of 
method  for  making  the  short  fluctuating  currents  depicted  in 
g.  144  approach  more  nearly  to  a  continuous  steady  current. 
Iiese  short  currents  are  at  a  minimum  when  the  coils  are  at  right 
ngles  to  the  lines  of  force,  or  at  that  point  where  the  reversal  of 
le  induced  current  takes  place,  and  it  is  evident  that  if  a  second 
air  of  coils  be  placed  at  right  angles  to  this  existing  pair,  as  in 
g.  150,  they  will  always  lie  parallel  to  the  lines  of  force,  or  be  in 


N 


le  position  of  best  action,  just  at  the  moment  when  the  first  pair 
e  almost  idle.  But  it  now  becomes  necessary  to  divide  the 
nnmutator  into  four  parts,  all  the  coils  being,  of  course,  similarly 
ound,  and  the  adjacent  ends  of  adjacent  pairs  connected  to  the 
me  segment  of  the  commutator.  AVhen  only  two  segments  are 
nployed,  the  brusHes,  as  we  have  observed,  are  placed  so  that 
e  divisions  of  the  commutator  pass  them  just  at  the  moment 
hen  the  coils  are  at  right  angles  to  the  lines  of  force,  and  when 
cy  are  almost  idle.  In  the  present  case,  with  four  coils,  the 
iishes  must  also  be  placed  so  that  the  division  between  each 
lir  of  segments  on  the  commutator  passes  a  brush  when  the  coil 
)nnected  to  that  pair  of  segments  is  in  the  position  of  least 
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activity,  viz.  with  its  plane  at  right  angles  to  the  lines  of  force. 
We  shall  see  presently  that  there  are  several  causes  which  combiae 
to  slightly  vary  this  particular  position,  although  it  can  alwajs  be 
found. 

In  fig.  150  the  brushes  are  indicated  by  dotted  lines,  and  aie 
shown  slightly  out  of  what  we  have  hitherto  considered  to  be  tbdr 
correct  position.  Supposing  the  lines  of  force  to  pass  stia^ 
across  from  one  pole-piece  to  the  other,  the  currents  in  thevanois 
coils  would  be  in  the  direction  indicated  by  the  arrows,  and  die 
resulting  current  could  be  led  from  the  armature  to  the  extera^ 
circuit  by  the  upper  brush  B|,  entering  the  armature  again  by  die 
lower  brush  b.^.  The  two  horizontal  coils  d  and  e  are  in  the  posi- 
tion of  greatest  activity,  while  the  vertical  coils  a  and  c  are  akoot 
idle,  and  merely  serve  to  conduct  the  current  generated  by  tk 
active  coils  to  that  segment  of  the  commutator  which  the  bndis 
touching.  A  moment  later  a  and  c  will  each  b^n  to  generate  i 
current  in  the  opposite  direction  to  the  one  now  flowing  in  die^ 
but  as  by  that  time  they  will  have  passed  the  brushes,  their  o^ 
site  ends  will  be  in  contact  with  the  same  brushes,  and  the  ^axfr 
tion  of  the  current  in  the  external  circuit  will  remain  unaltotd 
When  the  plane  of  each  coil  makes  an  angle  of  45^  with  the  Eaa 
of  force,  they  are  equally  active,  and  the  E.M.F.  at  the  bntshes  k 
twice  that  which  is  at  that  moment  being  developed  by  one  oQi 

The  resulting  E.M.F.,  due  to  the  joint  effect  of  the  dori^ 
instead  of  the  single  pair  of  coils,  is  still  fax  from  constant,  and,  tf 
before,  we  must  determine  at  what  positions  of  the  coils  the  ex.f. 
is  at  a  maximum  and  where  it  becomes  a  minimum.  The  cone 
(fig.  144)  illustrates  the  variation  of  the  e.m.f.  due  to  onecoior 
one  pair  of  coils,  and  as,  when  this  E.M.F.  is  highest,  diat  of  the 
second  pair  of  coils  is  lowest,  and  vice  versd,  the  relative  m^ 
tude  of  the  e.m.f.  generated  by  two  pairs  of  coils  at  diffeseal 
positions  may  be  indicated  by  the  overlapping  curves  in  Bg,  151- 
From  this  we  wish  to  construct  a  curve  which  shall  show  hovte 
E.M.F.  at  the  brushes  due  to  the  effect  of  both  pairs  of  coils  vixiei 
Now,  twice  during  each  revolution  one  of  the  two  pairs  is  fortbe 
moment  acting  alone,  and,  consequently,  the  E.M.F.  at  the  brusfaa 
is  simply  that  due  to  this  pair,  and  is  proportional  to  die  la^  tf 
the  perpendicular  line  o  a.     At  this  moment  the  E.iLr.  at  the 
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)rushes  is  at  its  lowest  value,  and  the  length  of  this  line  o  a  deter- 
nines  the  lowest  point  on  the  curve  which  we  desire  to  construct. 
Immediately  after  this  point  is  passed  both  pairs  are  acting 
together^  the   activity  of  one  increasing  and  that  of  the  other 
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decreasing.     At  a  certain  stage  they  will  be  acting  with  exactly 

equal  effect,  and  this  stage  is  indicated  by  the  intersection  in  b 

of  the  two  curves ;  it  occurs  when  each  coil  makes  an  angle  of 

45**  with  the  lines  of  force.    To  obtain,  therefore,  the  resulting 

E.M.F.  at   the  brushes,  we  must  add  together  these  two  equal 

E.M.F.'s  ;  consequently,  twice  the  length  of  the  line  c  b  must  be 

taken  as  the  height  of  this  the  highest  point  in  the  new  curve. 

When  the  coils  have  rotated  through  another  45®,  one  pair  is 

again  idle  and  the  other  at  its  maximum  activity,  so  that  we  again 

reach  the  lowest  point  of  the  curve.    The  curve  so  constructed  is 

shown  in  fig.  152,  and  indicates  the  manner  in  which  the  total 

Fig.  152. 


E.M.F.  at  the  commutator  brushes  fluctuates  when  the  armature 
consists  of  two  pairs  of  coils  arranged  as  in  fig.  150.  The  resulting 
current  mil  also  fluctuate  similarly,  depending  in  strength  upon 
&e  gross  resistance  in  the  circuit. 

A  little  reflection  will  make  it  obvious  that  the  variation  in  the 
^M.r.  can  be  further  diminished  by  the  employment  of  a  yet 
greater  number  of  pairs  of  coils  in  the  armature,  providing  that 
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they  are  placed  so  that  they  each  come  into  the  posidon  of  bot 
action  at  the  moment  when  the  resulting  e.m;f.,  without  tber 
individual  aid,  would  be  at  a  minimum. 

For  instance,  a  coil  might  be  placed  exactly  midway  betw© 
each  of  those  wound  on  the  armature  shown  in  fig.  150 ;  tiiai 
armature  would  then  consist  of  eight  coils  in  four  pairs,  and  d^ 
commutator  of  eight  bars  or  segments  (fig.  153).    The  cones 

Fig.  153. 
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from  such  an  armature  would  be  far  more  steady  than  one 
the  four-coil  armature  ;  in  fact,  it  may  be  stated  generally  tha:  dt 
greater  the  number  of  coils  composing  the  armature,  the  kss 
fluctuation  of  the  current.  Of  course  there  is  a  practical  lini 
the  number  of  coils  ;  for  instance,  the  commutator  with  this  kiai 
of  armature  must  have  as  many  segments  as  the  armature 
single  coils,  and  its  construction  and  the  making  of  the  necessaf 
connections  would  be  difficult  and  expensive  if  the  number 
excessively  increased. 

It  will  be  observed  that  in  fig.  153  the  whole  annatuie  cob-' 
ductor  is  wound  continuously  round  the  core ;  it  is  divided  to 
sections  having  four  convolutions  each,  and  a  connecting  wict 
led  from  the  junction  of  every  two  adjacent  sections  to  the  pioptf 
segment  of  the  commutator.  The  result  is  of  course  the  same* 
if  the  ends  of  each  section  were  brought  direct  to  the  commuta* 
segment,  while  the  actual  length  of  the  armature  conductor,  Toi. 
therefore  the  resistance,  is  slightly  reduced.  The  black 
of  the  circle  represent  the  metallic  segments,  the  white 
between  them  indicating  the  insulating  material. 

In  order  to  increase  the  e.m.f.  developed  in  a  given  fidd  Jt« 
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;n  speed,  we  must  increase  the  number  of  conductors  on  the 
er  periphery  of  the  armature,  which  can  be  done  by  adding  to 
number  of  convolutions,  although  this  also  increases  the  in- 
to] resistance.  In  the  armature  illustrated  there  are  thirty-two 
ve  portions  of  the  wire  round  the  whole  external  periphery,  but 
iiey  are  joined  up  in  two  sets  in  parallel,  the  total  e.m.f.  is 
}  sixteen  times  that  of  one  active  portion. 
If  we  know  the  number  of  active  conductors  joined  in  series 
the  number  of  lines  of  force  which  they  cut  per  second,  it  is 
fto  calculate  the  resulting  f.m.f.  The  e.m.f.  developed  by 
particular  conductor  moving  circularly  in  a  uniform  field  varies 
I  its  position,  and  is,  as  we  have  seen  (Chapter  VIII.),  pro- 
tkmal  to  the  cosine  of  the  angle  which  the  plane  of  the  coil  of 
di  it  forms  a  part  makes  with  the  lines  of  force ;  or  to  the  sine 
lie  angle  through  which  the  coil  has  turned  from  its  position 
ig^t  angles  to  the  lines  of  force.  But  we  need  not  now  trouble 
selves  with  this  consideration,  for,  in  a  symmetrically  con- 
cted  armature  of  many  convolutions,  the  place  of  each  con- 
tor  as  it  moves  to  a  position  of  greater  or  less  activity  is 
mediately  filled  by  another,  and  the  total  fe.M.F.  remains  un- 
red.  Since  each  active  length  undergoes  precisely  the  same 
active  effects,  the  average  e.m.f,  induced  in  each  is  the  same, 
the  total  E.M.F.  will  be  equal  to  the  number  of  active  con- 
tors  round  one-half  of  the  armature  multiplied  by  the  average 
.r.  developed  by  one  of  them  during  half  a  revolution. 
Supposing  the  armature  to  consist  of  forty-eight  convolutions 
;  the  E.M.F.  developed  by  one  of  the  active  limbs  to  be  2  volts, 
a  the  whole  e.m.f.  would  be  2-x  24  =  48  volts. 
The  average  e.m.f.  developed  by  each  active  conductor  de- 
ds  upon  the  speed  at  which  it  moves,  and  the  number  of  lines 
by  it ;  in  fact,  we  have  seen  that  if  a  wire,  one  centimetre  long, 
iwved  at  a  velocity  of  one  centimetre  per  second  transversely 
Migh  a  field  of  unit  strength  (that  is,  a  field  having  one  line  of 
:e  per  square  centimetre),  then  the  resulting  e.m.f.  will  be 
tal  to  one  cg.s.  unit.  This  unit  being  so  very  small,  the  volt 
aken  for  practical  use,  having  a  value  10®  or  100,000,000  times 
tof  the  CG.S.  unit.  So  that  after  calculating  e.m.f.  in  cg.s. 
its,  the  result  must  be  divided  by  10®  to  obtain  the  e.m.f.  in  volts. 
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It  is  preferable  to  know  the  number  of  lines  cut  per  seccBi, 
and  then  we  need  not  know  the  length  of  the  conductor  or  Aij 
strength  of  the  field  in  cg.s.  units,  nor  need  the  field  be  umfioa^ 
Referring  again  to  fig.  153^  suppose  there  are  16,000  lines  of  kid 
forced  through  the  armature  core,  these  lines  will  all  be  cat  tvi^ 
by  each  conductor  during  one  complete  revolution.  If 
armature  makes  one  revolution  per  second,  each  condnctor 
cut  32,000  lines  per  second  and  generate  an  average 
force  of  32,000  CG.S.  units.  And  as  there  are  sixteen 
in  series,  the  total  average  e.m.f.  as  measured  at  the  brushes 
be  16x32,000  =  512,000  CG.S.  units,  or 

5i2^ax>  _  ,       ^^j^  nearly. 
10* 

If  the  armature  made  ten  revolutions  per  second,  the  e.m.f. 
be  ten  times  greater  (i.e.  0*05  volt),  because  each 
would  now  cut  ten  times  the  number  of  lines  per  second 

In  fact  we  may  say  that  the  average  e.m.f.  generated  q 
armature  of  this  description  is  equal  to 

N  X  -  X  2«,  that  is,  N  p ;»  cg.s,  units, 

2 

or  average  e  =     -     volts, 

where  n  is  the  total  number  of  lines  of  force  urged  throagli 
armature  core;  p  the  total  number  of  active  conductcxs 

round  the  periphery,  and  -,  therefore,  the  number  in  series;^ 

the  number  of  revolutions  per  second,  and  2ff,  therefere, 
number  of  times  per  second  which  the  whole  of  the  lines  fst 
by  each  conductor. 

The  E.M.F.  obtained  in  the  last  example  (0-05  volt)  is 
low,  because  we  assumed  a  rather  low  speed  and  few  lines  of  1 
In  practice  it  is  not  unusual  to  force  several  millions  of 
through  the  armature  core.  Supposing  the  number  to  be  3,ooo,c 
and  the  number  of  conductors  round  the  periphery  to  be  150^1 
if  the  armature  is  driven  at  1,200  revolutions  per  minute,  or  20] 
second,  the  e.m.f.  developed  would  be 

3,000,000x150x20^      ^^^^ 
100,000,000 
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The  above  is  a  fair  example  of  what  obtains  in  actual  practice, 
the  student  will  readily  perceive  that  it  is  necessary  for  the 
tttity  of  iron  in  the  armature  core  to  be  considerable,  otherwise 
I  such  a  large  number  of  lines  of  force  the  magnetic  induction 
ugh  it  (that  is,  the  number  of  lines  per  square  centimetre) 
Id  be  abnormally  high.  We  know  that  the  permeability  of 
decreases  rapidly  when  the  induction  through  it  exceeds  a 
iin  amount,  and  then  a  large  number  of  the  lines  leak  dia- 
ically  across  the  ring  instead  of  taking  the  path  indicated  in 
149,  many  of  them  passing  across  the  steel  driving  shaft,  the 
leability  of  which  may  be  nearly  equal  to  that  of  the  '  satu> 
I'iron, 

tow,  as  these  lines  of  force  thus  leaking  across  the  ring  are 
jythe  inner  portions  of  the  conductor  (equivalent  to  r  j  in 
45)  and  act  prejudicially,  inasmuch  as  the  e.m.f.  generated  by 
oner  wires  in  cutting  them  is  reverse  to  the  main  E.M.F.,  it  is 
iQtly  inadvisable  to  endeavour  to  push  the  induction  too  far. 
rule  the  limit  is  from  16,000  to  18,000  lines  per  square  centi- 
^  and  if  more  lines  through  the  core  are  needed,  either  the 
must  be  increased  or  iron  of  higher  permeability  employed, 
former  necessarily  entails  a  greater  length  of  conductor.  It 
dent  that  in  an  armature  of  the  type  we  are  considering,  the 
rf  which  the  core  is  made  should  be  of  the  highest  possible 
eability,  while  the  quantity  of  iron  or  steel  used  inside  the 
ihould  be  as  small  as  possible  to  minimise  the  tendency  to 
•leakage.  This  latter  consideration  implies  that  iron  should 
e  employed  for  the  purpose  of  mechanically  connecting  the 
to  the  shaft.  In  practice,  gun-metal  or  some  other  non- 
etic  alloy  is  used. 

he  first  armature  on  this  principle  was  constructed  by 
K>tti,but  it  remained  unnoticed  until  the  essential  features 
Ken  combined  in  a  slightly  different  form  by  Gramme. 
ig.  1 54  illustrates  the  construction  of  an  early  form  of  Gramme 
tore,  the  core  being  shown  cut  through,  and  some  of  the  coils 
u:ed  to  make  it  clearer.  The  core,  f,  consists  of  a  quantity 
n  wire  wound  continuously  to  form  a  ring  of  the  shape  shown 
e  section.  Over  this  is  wound  about  thirty  coils  of  insulated 
ar  wire,  b  c  d,  &c.,  the  direction  of  the  winding  of  each  being 
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the  same,  and   their  adjacent  ends   connected   together,  H 
commutator  segments  consist  of  a  corresponding  number  of  I 
angle-pieces,   ««,   which  are  fixed  against  the  wooden  boa^ 
carried  on  the  driving  shafl. 

D  adjacent  coils  is  ronnectcd  !o 
s  shonTi,  and  two  flat  brushes  oft 
wire  are  pressed  against  the  |i 
jecting  ends  of  the  so,Tm.-au,i 
serve  to  deliver  ihc-  '.nrrai 
the  external  circuit.  The  Ij 
forms  of  this  arm.ttun-,  jitifl 
identical  in  priin.ipic.  it 
superior  from  a  nio  l.ani-^|i 
of  view;  in  fai.i,  the  :ira« 
here  illustrated  "ill:]!!  fly  to  pi 
I  if  subjected  to  th.,  ~:ri.i_ir>  J 
'  occur  in  a  modtn;  \\..\.  nine 
It  is  necessr.n  w.?.:  t.i-a 
mutator  bars  shc\?li.:  ii-,  r.-t;;\l 
in  position,  that  the  wire  should  be  botmd  or  i.\  •  iiv.  a 
fixed  so  as  to  prevent  its  being  shifted,  and  th.Tt  the  cm 
with  it  the  coils  should  be  firmly  secured  ro  the  .lri\  m<^  sha£ 
iar  as  possible  it  will  be  shown,  in  describing  ti-n  ix-st  tip( 
machines,  how  well  these  points  are  attended  tu  m  ipt 
Especial  care  must  be  taken  to  prevent  the  gviKt^tion  .-i « 
■currents  in  the  core,  and  this  was  the  reason  wh\  Gnutirne  1 
rather  fine  wire  instead  of  a  solid  ring.  We  ha\t  {.irtvu.ei^l 
marked  that  the  e.m.f.  which  gives  rise  to  thesL-  oddy  (.-una 
very  low  (although  the  current  strength  may  In;  coniido 
because  a  large  mass  of  metal  offers  litde  resibtaii^.ti.  aod 
therefore,  the  merest  film  of  insulation  between  m.-^cti'M 
wires  of  the  core  is  sufficient.  Except  in  special  lascs  .i  m-mo 
shellac  varnish,  or  even  a  coating  of  rust,  is  all  th.it  1=  rr,^ 
and  it  should  be  borne  in  mind  that  the  space  (n  (;u]in.-d  L^ 
lation  should  always  be  as  small  as  possible,  s"  as  ii-iM 
maximum  amount  of  iron  to  be  used.  If  the  annamrc 
in  a  simple  field  between  two  pole  pieces,  it  is  im;  no 
subdivide  the  core  to  the  extent  adopted  in  the  earlier 
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:hines,  for  since  the  direction  of  the  eddy  currents  is  at  right 
les  to  the  lines  of  force  and  to  the  direction  in  which  the  core 
res,  there  will  be  no  tendency  for  them  to  flow  in  a  radial 
ction,  but  only  along  lines  parallel  to  the  driving  shaft, 
irefore  the  core  may  be  simply  laminated,  or  built  up  of  a 
iber  of  thin  discs  of  soft  iron,  thus  giving  better  facilities  for 
iuinical  connection  with  the  shaft,  and  also  reducing  the 
petic  resistance  considerably.  In  entering  or  leaving  the 
rior  oi  the  wire  core,  the  lines  of  force  have  to  leap  across 
lerous  little  spaces  of  low  permeability,  while  in  the  case  of  a 
\  built  up  of  discs,  not  only  is  the  mass  of  iron  greater,  but  it 
so  continuous  in  the  direction  of  the  lines,  and  discontinuous 
'  in  the  path  which  would  be  taken  by  the  eddy  currents. 
Returning  now  to  a  consideration  of  the  phenomena  developed 
be  actual  rotation  of  the  armature,  we  may  repeat  that  the 
kes  must  be  so  placed  that  every  division  between  the  seg- 
ts  of  the  commutator  passes  a  brush  just  at  that  moment 
Q  the  coil,  the  ends  of  which  are  connected  to  those  segments,. 
le  Now  this  happens  when  the  plane  of  the  coil  is  at  right 
es  to  the  lines  of  force,  so  that  if  the  lines  of  force  always 
ned  their  regular  straight  direction  between  the  poles  of  the 
magnet,  it  would  be  easy  to  fix  the  correct  position  for  the 
hes.  But,  unfortunately,  the  field  is  considerably  distorted 
cdiately  the  armature  is  caused  to  rotate  and  the  current 
!)iished.  This  distortion  is  due  to  the  fact  that  the  armature 
f  becomes  a  powerful  electro-magnet,  having  lines  of  force 
b  are  not  coincident  with  those  of  the  field  magnets! 
rhe  two  halves  of  the  core  are,  as  a  matter  of  fact,  magnetised 
be  currents  passing  round  them,  and  in  such  a  manner  that 
'  similar  poles  are  adjacent  to  each  other  and  situated  at  the 
ts  where  the  two  currents  enter  and  leave  the  external  circuit. 
r,  if  two  semicircular  magnets  of  equal  strength  are  placed  so 
)  form  a  circle  with  their  unlike  poles  adjacent,  they  form  a 
plete  closed  magnetic  circuit,  nearly  all  the  lines  of  force 
^  the  path  of  the  iron  or  steel,  and  there  is  consequently  very 
\  external  magnetic  effect  observable.  But  if  these  same  semi- 
ilar  magnets  are  placed  with  their  like  poles  adjacent,  there  is 
adant  external  evidence  of  the  magnetic  strength  of  the  com- 
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bination.     The  circle  acts,  indeed,  as  if  it  were  a  single  nagat, 
the  distance  between  its  poles  being  the  length  of  the  dciipfgLi 
Some  of  the  lines  of  force  find  their  way  back  across  the 
to  the  opposite  pole,  while  others  pass  round  outside  the  dicie»i 
much  larger  proportion  taking  this  course  when,  as  in  the  as  < 
the  dynamo,  there  are  large  masses  of  iron  in  the  vicinity, 
position  of  the  brushes  determines  the  position  of  the  poicsi 
the  armature,  and  when  the  brushes  are  placed  on  a  diamflte 
right  angles  to  the  lines  of  force  of  the  field,  these  pdesait; 
at  right  angles  to  those  lines  of  force. 

It  is  manifest  that  as  the  tendency  is  for  the  anoaoae 
generate  a  magnetic  field  in  one  direction,  while  the  field 
strive  to  maintain  one  in  another,  the  directicm  of  the  i 
field  must  lie  between  the  two,  the  exact  position  depending  to! 
great  extent  upon  the  relative  magnetising  forces  of  the  anoifli^ 
and  field  magnets.  Were  these  relative  forces  known,  the  dM 
tion  of  the  field  might  be  determined  approximately  by  the  i*j 
known  'parallelogram  of  forces'  (see  fig.  155).     Inthiscas*! 

line  A  B  represents  by  its  positiar. 
direction,  and  by  its  length  the 
tude  of  the  magnetising  force  dat 
the  field  magnets  alone,  while  the 
B  c,  drawn  at  right  angles  to  a  b, 
sents  the  direction  and  force  of 
field  due  to  the  armature.     Thai 
diagonal  b  d  of  the  completed  parallelogram  represents  bocb 
magnitude  and  direction  the  resulting  magnetic  field 
the  brushes  must  be  set  on  a  diameter  at  right  angles  to 
resulting  lines  of  force.     Hence  this  shifting  of  the  field  d 
the  reaction  of  the  armature  necessitates  also  the  shifting  of 
brushes  through  a  corresponding  angle,  equal,  in  fact,  to  the 

DBA. 

This  altered  position  of  the  brushes  is  commonly  knon 
the  lead  given  to  them,  and  the  angle  through  whidi  they 
moved  is  known  as  the  angle  of  lead     In  every  dynamo  tbc 
is  forward,  or  in  the  direction  of  the  rotation  of  the  annatorc 
the  parallelogram  of  forces  referred  to  above  does  not 
indicate  the  true  angle,  because  immediately  a  lead  is  given  to 
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hes,  the  polarity  of  the  armature  is  shifted  through  a  corre- 
iding  angle,  the  result  being  to  still  further  distort  the  field 
again  increase  the  angle  of  lead.  It  will  be  evident  that 
e  wish  to  reduce  the  angle  dba  (fig.  155)  it  can  be 
!  by  decreasing  bc  or  increasing  ab,  which  in  either  case 
d  result  from  making  the  magnetising  force  of  the  field 
lets  great  as  compared  with  that  of  the  armature.  Practice 
dictates,  for  this  and  for  other  reasons,  that  the  magnetic 
in  which  the  armature  revolves  should  be  as  strong  as 
ible,  and  always  very  much  stronger  than  that  developed  by 
irmature  itself.     In  fig.  156  is  illustrated  the  direction  of  the 

Fig.  156. 


kant  field  of  a  dynamo  when  the  armature  is  revolving  in  the 
tion  indicated  by  the  arrow,  and  is  generating  a  current  It 
be  observed  that  the  lines  of  force  «x,  «  j  are  considerably 
fted  or  dragged  out  of  their  normal  position,  and  that  this 
ttion  takes  place  in  the  direction  of  rotation.  The  lines 
h  cross  the  space  inside  the  armature  ring  indicate  the  direc- 
of  leakage,  corresponding  to  that  illustrated  in  fig.  148. 
Vhen  the  external  resistance  through  which  a  dynamo  is 
3ng  is  varied,  the  current  in  the  armature,  and  therefore  the 
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field  produced  by  it,  also  varies  ;  the  same  cause  mayakod 
the  field  produced  by  the  field  magnets  if  the  machine  is '« 
exciting,'  and  consequently  in  practice  the  angle  of  lead  saneM 
varies  considerably.  If  the  effective  fields  produced  by  the al 
magnets  and  the  armature  were  varied  in  the  same  propoitio^ 
angle  of  lead  would  remain  constant  \  but  we  shall  see  pR9(( 
that  because  the  induction  through  and  the  penneabilityflf| 
field-magnet  and  armature  cores  do  not  vary  together,  as  id 
for  other  reasons,  this  proportion  is  not  maintained,  ahhoo^ 
currents  producing  those  fields  may  be  equally  increa«i| 
diminished.  Too  much  stress  cannot  be  laid  upon  the  nec^ 
for  setting  the  bruslies  in  the  proper  position,  and  to  W 
matters  they  are  usually  mounted  on  an  insulating  roderssj 
they  may  be  shifted  together  through  a  considerable  an^ 
the  correct  position  is  found.  When  the  field  is  a  simffc 
such  as  that  between  the  two  poles  of  a  magnet,  and 
is  also  uniform,  the  brushes  are  placed  at  opposite 
a  diameter  of  the  commutator. 

When  the  brushes  are  not  properly  adjusted,  the  c(4j 
short-circuited  while  they  are  more  or  less  active,  and 
sparking  occurs  at  the  commutator,  injuring  that  imi 
of  the  machine,  and  giving  evidence  of  wasted  energy. 

Practically  the  best  position  of  the  brushes  can  be 
shifting  them  while  the  machine  is  running  (the  extenol  d 
being  at  the  time  completed)  until  there  is  very  little  or  no  ^ 
ing  observable  ;  and  it  is  found  that  they  must  be  set  ev^ij 
further  ahead  than  the  point  where  they  are  at  right  angksl 
direction  of  the  resultant  lines  of  force.  This  slight  extra  1| 
necessitated  by  the  rather  peculiar  and  important  action  \ 
takes  place  in  a  coil  as  it  passes  a  brush.  The  bnisbl 
sufficiently  wide  bearing  on  the  commutator  to  bridge  oH 
interval  between  the  two  segments  and  so  to  short-dicuit  th 
attached  to  them  for  a  brief  interval  of  time  ;  and  akhoB^ 
may  take  place  when  the  coil  is  in  itself,  as  a  genexataf 
almost  inactive,  it  must  be  remembered  that  it  has  oonadi 
self-induction,  consisting  as  it  does  of  a  number  of  coimii 
of  wire  wrapped  round  a  comparatively  laige  mass  of  soft  \ 
We    have    considered   at    length   the  reasons  which  p«* 
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tures,  commonly  known  as  Mrum'  armatures,  are  coostnsd 
upon  the  principle  of  the  rectangular  coil  first  mentioned  Hi^ 
earliest  drum  armature  was  devised  by  Von  Hefner  Altesed, 
was  really  a  natural  development  of  the  shuttle  armature  so 
used  in  small  magneto  machines.     This  shuttle  armature, 
ing,  as  it  does,  of  one  coil  of  many  turns,  gives  a  current  fine 
from   maximum  to  zero  twice  in  each   revolution,  and 
steadiness  was  aimed  at  and  obtained  by  placing  a  number  d< 
symmetrically  round  the  core ;  in  just  the  same  way  that  a^ 
able  number  of  coils  wound  on  the  Gramme  principle  yields  a  1 
nearly  constant  current  than  would  result  from  a  single  osi. 
drum  armature  is  somewhat  more  difficult  to  construct  sndj 
illustrate,  and  although  the  fundamental  principle  is  in  all 
that  just  indicated,  there  are  many  ways  of  making  the 
connections,  some  of  which  will  be  described  when  dealing  1 
actual  machines. 

The  general  principle  may  be  gathered  from  fig.  15;.  t^ 
only  two  adjacent  sections  are  shown,  each  having  one  tuin. 
core  is  shaped  like  a  cylinder,  or  drum  ;  a  commutator* 

to  those  alrexirt 
scribed,  \x3a%\ 
at  one  end  inal 
with  its  axis.  Fi 
one  segment  tkl 
coil  ascends  cq> 
face  of  the 
<j,  thence  k 


Fig.  157. 


CL 


along    the 
to     /',     whence 
passes  across  a 
meter  to  <:,  and  along  the  length  of  the  cylinder  to  d.    Fr 
it  is  brought  round  the  face  and  connected  to  the  segmatf 
to  that  one  to  which  the  other  end  of  the  coil  is  joined. 
second  coil,  shown   by  open  lines  for  distinction^  staxts 
the  segment  at  which  the  first  coil  terminates,  and  is 
similarly  to  that  coil,   being  placed  a  little  further  round 
drum  as  shown.     Its  two  ends  are  connected  to  adjacesr 
ments,  and,  in  a  similar  manner,  coils  would  be  placed  all 
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le  cylinder,  equidistant,  and  with  the  ends  of  each  joined  to  two 
djacent  commutator  segments,  so  that  each  segment  has  two  wires 
onnected  to  it.  Many  of  the  best  drum  armatures  are  constructed 
rith  but  one  convolution  in  each  section,  but  when  it  is  desired 
0  increase  this  number  the  wire  is  simply  wound  the  requisite 
tumber  of  times  round  the  cylinder,  and  the  end  of  the  last  con- 
ohition  led  from  the  point  d  to  the  commutator  segment  Of 
ouTse,  the  wires  cannot  be  brought  diametrically  across  the  faces, 
s  shown  at  b  r,  on  account  of  the  driving-shaft,  and  when  there 
ire  several  convolutions  in  each  section  care  is  taken  to  place  an 
qual  number  of  the  wires  on  either  side  of  the  shaft,  so  as  to 
vreserve  a  mechanical  as  well  as  an  electrical  balance.  In  any 
ase,  great  care  has  to  be  taken  with  these  cross-connections, 
irhich  are,  in  fact,  a  serious  source  of  trouble,  for,  since  portions 
)f  all  the  coils  overlap  here,  it  is  possible  to  get  wires  having  a 
bigh  potential  difference  very  close  together.  This  difficulty  does 
not  arise  with  a  Gramme  ring. 

The  great  advantage  peculiar  to  a  drum  armature  is  the 
&ct  that  the  conductors  usefully  cut  all  the  lines  of  force 
passing  through  the  armature  core.  The  only  idle  wire  is  that 
nsed  for  connection  across  the  faces  or  ends  of  the  cylinder ;  and 
no  part  of  the  conductor  can  generate  an  e.m.f.  in  the  counter 
direction.  Consequently,  iron  may  be  employed  for  all  the  in- 
ternal fittings ;  in  fact,  but  for  the  necessity  for  allowing  space  for 
ventilation,  the  whole  of  the  inside  of  the  armature  might  be  occu- 
pied by  iron.  Since  the  active  limbs,  ab^cdy  always  cut  the  lines 
of  the  field  from  opposite  sides — viz.  one  from  above,  the  other 
trom  below — ^the  current  is  induced,  from  front  to  back  in  one 
and  from  back  to  front  in  the  other,  so  that  it  circulates  in  the 
same  direction  round  the  coil. 

Each  coil  is  equivalent,  then,  to  two  diametrically  opf>osite 
coils  in  a  Gramme  armature,  and  there  will  be  the  same  number 
of  commutator  segments  as  there  are  coils.  The  reversal  of  the 
current,  of  course,  takes  place  as  each  coil  passes  the  zero  position 
—viz.  with  its  plane  at  right  angles  to  the  lines  of  force — and  it  is 
in  this  position  that  the  segments  to  which  it  is  connected  pass 
the  brush.  Also,  as  in  the  case  of  the  Gramme  ring,  the  resistance 
from  brush  to  brush,  through  two  halves  of  the  armature  in  parallel, 
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is  only  one  quarter  of  that  of  the  whole  armature  in  series,  aoi 

in  calculating  E.M.F.,  the  formula,  e  = .-,  holds  good,  pba| 

10* 

the  number  of  active  conductors,  such  as  a  b^  round  the  peripb^ 

of  the  drum. 

The  drum  armature  is  far  more  efficient  than  any  other  fa[^ 
and  we  may  briefly  compare  the  relative  advantages  of  the  dof 
and  ring  type  by  supf>osing  that  we  have  two  annatuies  of  fsfk 
diameter,  and  having  conductors  arranged  round  them  eq^  | 
number  and  length.  The  magnetic  resistance  offered  by  the  dfl 
armature  will  be  the  smaller,  because  the  quantity  of  iron  ia  1 
core  is  greater,  and  therefore  a  given  *  magneto-motive  force '1 
urge  more  lines  of  force  through  it  than  through  the 
armature. 

Further,  the  whole  of  the  lines  passing  through  the 
armature  are  usefully  cut  by  the  conductors,  while,  in  the 
the  ring,  some  leak  across  to  the  shaft  and  are  cut  by  the 
portions  of  the  wire  in  such  a  manner  as  to  reduce  the  maio 
Therefore,  with  a  given  magneto-motive  force  to  maimak^ 
field,  the  drum  armature  will  give  a  much  higher  e.m.f.  thaj 
ring  when  they  are  driven  at  equal  speeds.     Equal  e.m.f.'s 
be  obtained  by  reducing  n,  the  number  of  lines  of  force,  crfj 
number  of  active  conductors  \  but  the  factor  which  it  is 
sought  to  keep  as  low  as  possible  is  »,  the  number  of  levoh 
per  second.     One  great  practical  advantage  of  a  drum  armat 
that  it  enables  slow-speed  machines  of  comparatively 
proportions  to  be  constructed,  and  it  will  be  observed  thai  I 
slow-speed  dynamos  have  ring  armatures ;  indeed,  the  drain 
having  recently  lapsed,  very  few  simple  ring  armatures  are  01 
in  any  but  small  machines.     Since  the  proportion  of  idle 
slightly  less  in  the  drum  than  in  the  nng  type,  its 
resistance  is  rather  lower,  while,  on  the  other  hand,  it  has  thei 
advantages  that  it  is  difficult  to  make  it  as  strong  xnechaBka^j 
the  ring,  the  cross-connections  are  somewhat  troubksom^  afl| 
a  rule,  special  arrangements  are  needed  to  ensure  sufficient  vd 
lation.  I 

Having  discussed  some  of  the  theoretical  points  iir?oh«i 
the  construction  and  action  of  direct-current  dynamo 
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irill  now  consider  the  methods  of  maintaining  the  field,  which, 
lU  be  remembered,  must  be  as  strong  as  possible.     As  in  the 

of  the  more  powerful  of  the  machines  described  in  the  pre- 
ng  chapter,  electro-magnets  (called  the  field-magnets)  are 
loyed  for  this  purpose,  and  great  care  should  be  exercised  in 
*  design.  Practical  difficulties  and  economy  in  construction 
swhat  influence  the  shape,  but  in  every  case  the  great  object 
Id  be  borne  in  mind,  viz.  the  necessity  for  leading  as  many 

of  force  as  possible  through  the  space  between  the  poles,  in 
h  the  armature  is  made  to  revolve. 

rhe  actual  magnetising  force,  consisting  of  a  current  passing 
igh  a  coil  of  wire,  is  proportional  to  the  amperes  of  current 
ng  and  the  number  of  turns  of  wire  in  the  coil,  and,  as  has 
dy  been  fully  explained  (Chapter  VII.),  the  quantity  repre- 
d  by  the  product  of  these  two  factors  is  referred  to  as  the 
jere-tums.* 

row,  for  any  given  machine,  the  number  of  lines  of  force 
[i  must  be  urged  through  the  armature  is  usually  determined 
^ehand,  but  as  with  every  electro-magnet,  of  whatever  design, 
I  is  a  certain  amount  of  *  leakage,'  only  a  portion  of  the  lines 
rated  by  the  ampere-turns  pass  through  the  armature. 
^ut  power  is  expended  in  the  generation  and  maintenance  of 
ines  of  force,  and  those  which  are  rendered  useless  by  leakage 
sent  so  much  power  wasted.  It  is  obviously  imperative  that 
vaste  should  be  reduced  to  a  minimum,  and  the  greatest  pos- 
proportion  of  the  lines  developed  led  through  the  armature. 
may  be  accomplished  by  making  the  magnetic  resistance  of 
path  very  low.     The  whole  magnetic  circuit  should,  prefer- 

approximate  to  the  circular  form,  and  whether  good  soft  iron 
st-iron  is  employed,  its  sectional  area  must  be  sufficient  to 
aat  the  saturation  point  being  readily  reached. 
"he  spaces  between  the  pole-pieces  of  the  field-magnet  and 
ore  of  the  armature  offer  considerable  magnetic  resistance, 
1  may  roughly  be  taken  as  nearly  proportional  to  the  distance 
gen  the  iron  surfaces,  the  permeability  of  the  copper  wire  and 
sulation  being  about  the  same  as  that  of  air.  The  only  way 
irercoming  this  serious  difficulty  is  to  reduce  the  distance 
pen  the  iron  surfaces  as  much  as  safety  will  permit,  and,  since 
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this  minimum  distance  is  nearly  the  same  in  machines  of  aH 
we  see  one  reason  to  account  for  the  observed  fact  that 
dynamos  are  less  efficient  than  larger  ones. 

It  must  not  be  forgotten  that  while  the  permeability  of  ina 
decreases  with  an  increase  of  the  magnetic  induction  through  % 
that  of  air  remains  constant,  and  the  difference  between  the  per- 
meability  of  the  nearly-saturated  iron  of  the  field-magnets^  ail 
that  of  the  air  space,  is  never  anything  like  the  difference  usoajf 
given  for  unsaturated  soft  iron  and  air. 

Two  very  important  considerations  influencing  the  constraca^ 
of  field-magnets  are  economy  and  mechanical  strength,  and  % 
practice,  as  we  shall  see,  it  is  often  considered  advisable  wheicti^ 
weight  is  unimportant  to  use  cast-iron  for  part  or  all  of  the 
magnet  core.     It  is  preferable  to  forge  or  cast  the  core  in 
piece,  as  joints  break  the  molecular  continuity  and  increase 
magnetic  resistance  considerably ;  this  disadvantage  is 
by  making  the  surfaces  in  contact  fit  truly.     The  principal 
tical  objection  to  the  use  of  cast-iron  is  that,  since  its 
area  must  be  at  least  twice  that  of  wrought-iron,  a  much 
amount  of  copper  is  required  to  form  the  field-ntagnet 
Copper,  even  now,  is  expensive,  while  cast-iron  cores  are  fc 
costly  than  equivalent  ones  of  wrought-iron,  and   the 
should  observe  how  different  makers  aim  at  true  economy  ia 
matter.     Even  leaving  out  the  question  of  cost  and  weight,  it 
not  by  any  means  follow  (as  is  sometimes  supposed)  that  a  d} 
properly  designed  to  perform  certain  work,  and  having  cast-irroJ 
its  construction,  is  inferior  to  one  built  wholly  of  wrought-irot 
perform  the  same  work. 

The  composition  of  the  *  ampere-turns ' — that  is,  the 
tion  of  current  strength  to  the  number  of  convolutk 
depend  largely  upon  the  manner  in  which  the  exciting  cants^i 
obtained ;   for  it   is  sometimes  necessary  to  have 
resistance  in  the  coils,  and  then  the  number  of  convdutioa 
be  made  great  and  the  current  correspondingly  weak;  wtek 
other  cases  a  high  resistance  is  inadmissible,  when  only  a  frv 
can  be  employed,  and  the  necessary  magneto- motive  force 
then  be  obtained  by  the  aid  of  a  heavy  current. 

At  the  beginning  of  this  chapter  we  referred  to  a  vay 
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t  benefit  following  the  commutation  of  the  current,  viz.  the 
sibility  of  using  all  or  part  of  the  current  generated  in  the 
ature  for  the  purpose  of  magnetising  the  field-magnets,  and 
simplest  method  of  doing  this,  in  which  the  whole  of  the 
ent  is  so  employed,  is  exemplified  in  fig.  158.     A  machine 


Fi&  158. 


its  connections  made  in  the  manner  there  shown  is  known 
«  Series  Dynamo.' 

;  m  are  the  pole-pieces  of  a  massive  horse-shoe  electro- 
uet ;  the  armature  a  revolves  in  the  space  between  them,  Bi  Bg 
^  the  brushes  which  press  against  the  commutator,  and  by 
DS  of  which  the  current  generated  in  the  armature  can  be  led 
ay  desired  point.  In  this  case,  one  end  of  the  wire  forming 
coil  of  the  electro-magnet  is  connected  directly  to  the  brush 

other  end  being  joined  through  the  external  circuit  R  to 
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the  opposite  brush  B|,  so  that  the  circuit  of  the  fidd-magDet  a 
completed  through  the  armature  coils.  Hence  the  whole  of  tbe 
current  generated  in  the  armature  must  pass  round  the  coOs  3Su 
magnetise  the  electro-magnet.  But  how  is  the  current  to  be 
started  in  the  first  instance  ?  It  so  happens  that  eyen  the  poest 
soft  iron  is  found  to  retain  some  of  the  magnetism  imparted  to  1 
therefore  the  cores  of  a  dynamo  always  retain  an  apprecsabc 
amount. 

This  '  residual '  magnetism  is  sufficient  to  project  a  few  lines  d 
force  through  the  armature  coils ;  so  that,  when  the  armature  ii 
rotated,  a  feeble  current  is  generated  in  them.  The  connecticQl 
being  made  as  in  fig.  158,  this  current  leaves  the  armature  by  tU 
top  brush  B),  flows  through  the  external  circuit,  and,  retuniini  1 
the  machine,  p>asses  round  the  coils  of  the  field-magnets,  tM 
circuit  being  completed  through  the  lower  brush  b,.  The  fedilj 
current  sent  in  this  way  through  the  field-magnets  increases  li^ 
strength  of  the  field  in  which  the  armature  rotates,  and,  oaj 
sequently,  the  current  generated  also  becomes  stronger.  Tbd 
further  increases  the  magnetic  field  developed,  and,  coi 
also  the  current  strength,  action  and  reaction  succeeding 
another,  until  presently  the  current  becomes  very  strong 
This  increase  does  not,  however,  continue  indefinitely,  there 
two  especially  important  restrictions  which  tend  to  fix  a  limit 
the  current  produced.  In  the  first  place,  although  the  core^ 
the  field-magnet  may  be  very  massive,  its  magnetisation  evenorij 
approaches  the  saturation-point,  beyond  which  an  increase  of  til 
current  in  the  coils  would  not  by  any  means  involve  a  coi 
ing  increase  in  the  strength  of  the  effective  field,  Secondij, 
rotation  of  the  armature,  although  performed  with  little  efiRxt  ati 
commencement,  requires  a  considerable  expenditure  of  eneig^i 
the  strength  of  the  current  increases.  We  are  even  able  to 
the  relative  amounts  of  the  power  required  to  turn  the 
while  currents  of  different  strengths  are  being  generated.  For 
present  purpose  the  calculation  can  be  made  very  sini^  ll 
ignoring  the  power  lost  in  mechanical  friction,  &c.  The  ekctaa 
power  which  is  being  developed  in  any  circuit  can  be  fbond  I 
simply  multiplying  together  the  electro-motive  force  in  vofe  *( 
the  current  strength  in  amperes  in  that  circuit,  the  result  bc^ 
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lie  number  of  watts  of  power  developed  therein,  or  w  =  e  c,  w 
»ing  the  number  of  watts. 

As  the  E.M.F.  is  equal  to  the  product  of  current  strength  and 
resistance  (that  is,  e  =  c  r),  we  may  write  w=crxc  =  c^  r — 
that  is,  the  power  in  watts  developed  is  equal  to  the  resistance  in 
ohms  multiplied  by  the  square  of  the  current  strength  in  amperes. 

As  the  resistance  of  the  dynamo  armature  and  magnet  coils  is 
always  known,  only  one  measurement,  that  of  current  strength, 
need  be  taken,  which  can  be  done  by  any  ammeter  of  negligibly 
low  resistance. 

Supposing,  for  example,  the  resistance  of  the  armatiue  to  be 
3  ohms,  and  that  of  the  field-magnets  to  be  2  ohms,  then  the  total 
resistance  is  5  ohms.  When  a  current  of  10  amperes  is  generated 
without  any  external  resistance,  the  electrical  power  appearing 
vn  the  circuit  is  equal  to  c'r  =  100  x  5  =  500  watts,  and  if  the 
current  is  increased  to  20  amperes,  then  c'r  =  400  x  5  =  2,000 
watts. 

Now,  in  both  cases  at  least  as  much  mechanical  power  is  re- 
quired to  turn  the  armature  as  appears  in  the  circuit  as  electrical 
power.  A  certain  amount  in  excess  is  necessary  (depending  upon 
the  efficiency  of  the  machine),  because  some  energy  must  be 
wasted  in  overcoming  the  mechanical  friction  of  the  bearings,  &c., 
and  still  more  by  various  electrical  causes,  such  as  eddy  currents 
and  the  ciurents  which  flow  in  the  coils  during  the  period  of 
short-circuiting. 

The  main  point,  however,  upon  which  we  desire  at  present  to 
lay  stress  is  that  the  increase  in  the  current  is  not,  and  never  can 
be,  obtained  without  a  corresponding  increase  in  the  power  ex- 
pended in  turning  the  armature ;  in  fact,  from  the  above  reasoning 
U  IS  clear  that  in  a  series  dynamo  such  as  the  one  described,  the 
mechanical  power  expended  varies  as  the  square  of  the  strength  of 
the  current  obtained  in  the  external  circuit,  ignoring  the  mechani- 
cal power  lost  in  the  machine  during  conversion.   ' 

The  ultimate  strength  of  the  current  is,  then,  limited  not  only 
'^y  the  saturation  of  the  field-magnets,  but  also  by  the  amount  of 
power  at  our  disposal  to  drive  the  armature  round.  The  engine, 
or  other  source  from  which  the  power  is  derived,  must  at  least  be 
able  to  furnish  power  equal  to  the  maximum  electrical  power  it  is. 
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desired  to  obtain,  to  which  must  also  be  added  that  whidi» 
wasted  in  friction,  &c. 

With  regard  to  the  residual  magnetism  which  is  relied  upon  ifj 
start  the  current,  it  may  be  remarked  that  if  the  field-magnets  re 
once  strongly  magnetised  by  a  current  passing  in  the  direction  b 
which  it  is  desired  the  currents  shall  afterwards  be  generated,  tk 
cores  will  rarely  lose  all  traces  of  magnetism,  especially  if  of  csst- 
iron.  This  sometimes  happens,  however,  when  the  dynamos 
moved,  and  the  magnetism  may  even  be  reversed ;  but  mattes  ca 
easily  be  righted  by  passing  a  current,  say,  from  a  few  cells  for  i 
moment  in  the  proper  direction  through  the  field-magnet  coils. 

Hitherto,  the  dynamo  has  been  considered  as  only  woridngot 
*  short  circuit' — that  is,  with  the  circuit  completed  without  Ae 
introduction  of  any  appreciable  external  resistance.  In  practiet 
we  require  the  current  to  do  a  greater  or  less  amount  of  work  a 
an  external  circuit,  such  as  developing  light  in  electric  lamp^  otl 
driving  an  electro-motor.  In  such  a  case,  part  only  of  the  pc*| 
is  expended  in  overcoming  the  internal  resistance  (that  is«  tisj 
resistance  of  the  armature  and  field-magnets)  and  maintaining  tk* 
field,  the  remainder  being  employed  in  the  external  circuit  It « 
easy  to  find  the  relative  amount  of  power  absorbed  in  the  w 
parts  of  the  circuit.  Thus,  suppose  the  strength  of  the  cunwtl^ 
be  40  amperes,  and  the  total  E.M.F.  to  be  80  volts,  then  theKOf 
electrical  power  is  40  x  80  =  3,200  watts.  If,  now,  the  diffflo*^ 
of  potential  between  the  two  extremities  of  the  external  anJ 
is  found  to  be  60  volts,  the  power  absorbed  therein  is  40x6* 
=  2,400  watts,  for  the  strength  of  the  current  is  the  same  inallpdi 
of  the  same  circuit  The  remaining  difference  of  potential  i 
80— 60  =  20  volts,  which  is  the  fall  along  the  internal  dicuicfl 
which  absorbs,  therefore,  40  x  20  =  800  watts.  In  this  «5,  W 
ratio  between  the  power  spent  in  the  external  and  internal  pofM 
of  the  circuit  can  in  every  case  be  measured.  The  two  ecds^i 
the  external  circuit  above  referred  to  are  called  the  *dynaii»W 
minals,'  and  the  potential  difference  thereat  can  be  measured  W 
any  convenient  voltmeter.  Since,  also,  the  power  spent  in  eiM 
portion  can  be  calculated  by  multiplying  the  square  of  the 
strength  by  the  resistance  of  the  respective  portions  of  the 
and  as  the  current  is  the  same  in  each,  it  follows  that  the 
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ibsorbed  in  either  part  is  directly  proportional  to  the  resistance  of 
hat  port  Thus,  if  the  resistance  of  the  external  circuit  is  r  ohms, 
ind  that  of  the  dynamo  r  ohms,  the  total  resistance  is  R+r.  Let 
he  total  number  of  watts  developed  be  w.  Then,  denoting  the 
imtts  absorbed  in  the  internal  and  external  parts  of  the  circuit  by 
X  and  y  respectively,  we  have 

X  \  y  ::  r  :  R, 
^  :  w  ::  r  :  R+r, 
>^ :  w  ::  R  :  R+r. 

But  it  is  very  rarely  that  any  dynamo  works  through  an  ex- 
ternal circuit  of  constant  resistance  ;  if  it  is  supplying  current  to 
electric  lamps,  some  of  them  are  liable  to  be  thrown  into  or  out  of 
circuit  at  any  moment,  and  the  behaviour  of  a  series  dynamo 
under  these  varying  conditions  must  be  briefly  noted.     Supposing 
the  lamps  to  be  joined  up  in  series,  then  any  addition  to  the 
number  will  increase  the  external  resistance  and  reduce  the  current 
strength,  and  this  means  a  corresponding  decrease  in  the  strength 
of  the  field,  and,  consequently,  a  further  diminution  in  the  current 
strength.     If  we  suppose  the  lamps  to  be  joined  up  in  parallel, 
then  any  addition  to  the  number  in  circuit  decreases  the  total 
resistance  and  increases  the  current     This,  by  strengthening  the 
field,  still  further  increases  the  current  strength.     So  that  in  either 
case  considerable  difficulties  arise  when  a  series  dynamo  is  used 
on  a  circuit  of  varying  resistance. 

Moreover,  this  variation  of  the  current,  while  it  varies  the 
effective  fields  of  the  armature  and  field-magnet,  does  not  do 
so  in  the  same  proportion.  The  angle  of  lead  must  therefore  be 
altered  for  every  alteration  of  the  current,  or  injurious  sparking  at 
the  brushes  will  ensue. 

For  these  reasons,  the  conditions  under  which  the  simple  series 
dynamo  can  be  conveniently  employed  are  somewhat  limited.  For 
general  work  some  method  of  'regulation*  is  essential — that  is, 
some  arrangement  by  which  the  machine  shall  be  made  to  develop 
just  as  much  electrical  power  as  the  variations  in  the  external 
circuit  demand  from  it ;  the  first  approximation  thereto  is  obtained 
W  a  slight  alteration  in  the  manner  of  winding,  giving  us  what  is 
known  as  the  *  Shunt '  dynamo.  \ 

I 
\ 
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In  the  shunt  dynamo  the  field-magnet  coils,  instead  of  bdcg 
joined  up  in  series  with  the  armature  and  external  circuit,  ait  so 
connected  that  they  form  a  *  shunt  *  to  the  extemcd  dradi,  aai 
receive,  therefore,  only  a  part  of  the  current  generated  in  tk 
armature,  the  proportion  depending  upon  the  relative  resistoDCc*. 
Fig.  159  shows  the  manner  in  which  the  connections  are  made. 

Fig.  159. 


and  the  principle,  which  is  very  simple,  should  be  readily  gnspal 
The  armature  is  rotated  between  the  pole-pieces,  and  a  certain  zSJ* 
is  set  up.  The  whole  of  the  current  generated  passes,  as  a  mafitf 
of  course,  through  the  armature,  and  we  will  suppose  that  its  disc- 
tion  in  both  halves  of  the  armature  is  upwards,  or  firom  the  kw* 
to  the  upper  brush.  At  the  upper  brush,  Bj,  the  circuit  is  dii«k4 
two  paths  being  open  to  the  current ;  one  round  the  coife  of  tk 
field-magnets,  by  taking  which  it  augments  and  maintains  tk 
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field  ;  and  the  other  through  the  external  circuit,  where  it  can 
be  used  to  run  lamps,  or  perform  such  other  work  as  may  be 
required.  Both  of  these  paths,  however,  terminate  at  the  lower 
brush,  Bj,  and  the  quantity  of  the  current  whiclx^oeyTound  either 
path  is,  as  we  have  just  indicated,  simplylnversely  proportional  to 
its  resistance.  In  case  any  difficulty  should  be  experienced  in 
understanding  the  connections  or  in  tracing  the  path  of  the  current 
in  the  various  branches,  the  arrangement  is  shown  even  more 
clearly  in  fig.  160,  r  being  the  external  circuit,  s  the  field-magnet 
coil,  B,,  Ba  the  brushes,  and  d  the  commutator  of  the  dynamo. 

The  method  of  measurement  applied  to  the  series  dynamo  can 
also  be  adopted  with  the  shunt  machine,  for  the  amount  of  power 
absorbed    in  the  armature,  p,c  ^^^ 

field-magnet  coils,  and  ex- 
ternal   circuit    respectively, 
can  be  found  by  multiplying    ^»< 
the  current  in  that  particular 
part  of  the  circuit  by  the 
potential    difference  at    its 
extremities.     The  armature 
resistance  must  be  very  low, 
otherwise,  as  it  carries  the 
whole  of  the  current,  the  power  absorbed  therein  becomes  con- 
siderable ;  on  the  other  hand,  the  resistance  of  the  field-magnet 
coils  requires  to  be  relatively  high.    In  an  actual  machine  giving 
excellent  results,  the  resistance  of  the  armature  is  a  trifle  less  than 
one-hundredth  of  an  ohm,  while  the  magnet  coils  offer  16  •93",  or 
about  1,700  times  as  great. 

Supposing  this  machine  were  driven  at  such  a  speed  as  to 
develop  an  e.m.f.  at  the  brushes  of  100  volts,  the  external  resist- 
ance R  (consisting  of  a  number  of  lamps  in  parallel)  being  half 
an  ohm,  then  the  current  in  the  external  circuit  would  be 
200  amperes,  and  the  power  usefully  employed  therein  100  x  200 
=  2o,ooo  watts.  The  resistance  of  the  shunt  coils  being  i6'93-, 
and  the  potential  difference  at  the  extremities  100  volts,  the  current 
produced  therein  will  be  almost  6  amperes.  So  that  6  x  100  =  600 
watts  will  be  absorbed  in  maintaining  the  field.  The  current  in 
the  armature  of  a  shunt  dynamo  is  the  sum  of  the  two  currents  in 
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the  external  branches — viz.  the  field-magnet  coils^  and  the  atensl 
circuit,  and  in   this  particular  case  is  6  +  200  =  206  ampots. 
The  armature  resistance  is  o'oi*,  and  since  the  fall  of  poieimal 
along  it  is  equal  to  the  product  of  current  strength  and  resistance, 
the  fall  of  potential  along  the  armature  from  brush  to  bnuh  is 
206  X  o"oi  =  2 '06  volts.     Therefore  the  power  absorbed  in  it  5 
2*06  X  206  =  424*36  watts,  which  of  course  might  also  be  ob- 
tained by  multiplying  together  the  square  of  the  current  passif 
through  the  armature  by  its  resistance.     Now  the  whole  dectriod 
power  developed  is  21,024  watts,  of  which  number  1,024  ss 
absorbed  in  maintaining  the  field  and  in  overcoming  the  armasae 
resistance,  the  remaining  20,000  being  usefully  expended  in  tie 
external  circuit. 

The  ratio  of  the  power  usefully  available  to  the  total  po«ffi 
developed  is  commonly  known  as  the  *  electrical  efficiency  *  <rf  tk! 

dynamo,  and  in  the  case  just  considered  this  ratio  is    ?5? — ,  or 

21,024 

the  electrical  efficiency  is  slightly  over  95  per  cent     It  is  ha«Sf 

necessary  to  point  out  that  a  very  slight  increase  of  the  ass^ 

ture  resistance  would  considerably  lower  this  figure. 

Ignoring  for  the  moment  the  small  amount  of  residual  magnfi^ 

ism,  it  will  be  observed  that  in  a  series  dynamo  the  field>ma^ 

become  demagnetised  immediately  the  external  circuit  is  \sia( 

because  the  whole  of  the  current  is  then  stopped.     In  die  casc«( 

a  shunt  dynamo,  however,  if  the  external  circuit  r  in  fig.  160  il 

broken,  there  is  an  alternative  path  left  for  the  current  gencnfid 

by  the  armature,  viz.  round  the  field-magnet  coil  s.    As  the  vki 

of  the  current  will  then  pass  through  the  field-magnet  coil  iosto^ 

of  only  a  portion  of  it,  the  strength  of  the  field  due  to  the  ndC 

magnet  is  always  at  its  maximum  when  the  external  circait  isdN 

connected ;  exactly  opposite  to  the  case  of  the  series  dynamo.  & 

the  latter  machine  the  most  powerful  current  is  generated  and  A^ 

field  is  strongest  when  its  terminals  are  joined  by  a  {Hece  of  cbdj 

wire;  but  this  proceeding  would  have  the  reverse  effect  i^Ml 

shunt  machine,  because  practically  no  current  would  flow 

the  coils  on  account  of  the  very  low  resistance  of  the  all^ 

path.    And,  although  the  shunt  dynamo  (especially  if  the 

ance  of  its  armature  is  low)  is  through  a  certain  range  less 
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yy  changes  in  the  external  circaiit  than  the  series  dynamo,  neither 
>f  them  is,  for  many  purposes,  sufficiently  *  self-regulating,'  or  able 
:o  accommodate  itself  to  these  external  variations.     We  may  require 
I  dynamo  to  do  one  of  two  things :  either  (a)  to  regulate  itself 
so  as  to  send  a  constant  current  or  a  current  of  uniform  strength 
through  the  external  circuit,  although  the  resistance  may  be  con- 
siderably varied ;  or  {b)  we  may  require  it  to  maintain  a  constant 
^tential  at  the  extremities  of  the  external  circuit — that  is,  at  the 
brushes — under  like  variations  of  resistance.     A  machine  cannot 
be  constructed  to  fulfil  both  these  requirements,  and  we  will  first 
consider  the  best  of  the  many  methods  of  maintaining  a  constant 
potential.     This  consists  in  the  combination,  in  one  machine,  of 
the  series  and  the  shunt  methods  of  winding.     The  simplest  way, 
perhaps,  of  viewing  the  arrangement,  is  to  consider  the  machine 
as  a  shunt-wound  one,  having  added  to  it,  round  the  magnet- 
limbs,  a  few  turns  of  wire  in   series  with  the  external  circuit. 
Then,  when  the  external  resistance  is  made  very  low,  and,  as  a 
consequence,  the  current  in  the  shunt  coils  reduced  to  almost 
nothing,  the  magnetic  effect  of  the  series  coils  becomes  a  maxi- 
mum, so  that  the  opposite  variations  in  these  two  sets  of  coils 
tend  to  keep  the  field  more  or  less  constant.     It  is  clear  that  the 
success  attending  this  combination  will  depend  largely  upon  the 
proper  proportions  being  given  to  the  shunt  and  series  coils,  and 
in  order  to  ascertain  what  these  proportions  are  or  should  be  for 
any  particular  case,  we  will  now  introduce  a  convenient  method 
by  which  the  variation  of  the  e.m.f.  developed  by  a  dynamo  under 
varying  conditions  can  be  studied. 

Let  us  start  with  the  case  of  a  series  machine,  driven  through- 
out the  experiments  at  a  constant  speed,  and  joined  up  to  a  set  of 
suitable  known  resistances  which  can  be  varied  as  desired.  The 
resulting  current  can  be  measured  by  any  suitable  ammeter, 
and,  the  resistance  of  the  machine  and  of  the  external  circuit 
^ing  known,  the  whole  of  the  e.m.f.  developed  can  be  calculated 
as  the  product  of  amperes  and  ohms.  We  thus  obtain  the 
amperes  of  current  flowing  and  the  whole  of  the  volts  of  e.m.f. 
developed,  and  these  two  quantities  may  be  similarly  found  for 
^^y  number  of  values  which  we  choose  to  give  the  external 
resistance. 
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For  instance,  we  might  start  with  the  external  resistance  vwj  1e^ 
and  reduce  it  by  suitable  gradations  untilit  becomes  as  low  issaiw 
to  the  machine  will  allow.  A  table  might  then  be  made  sImtrk 
the  number  of  amperes  flowing  at  every  stage  and  the  volts  con 
spending  thereto.  But  by  means  of  the  '  squared  paper'  prericaii 
referred  to,  the  whole  of  the  experiments  can  be  shown  gr      -- 
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in  the  form  of  a  curve,  known  as  the  '  characteristic  curre  « 
particular  machine  experimented  with.  Fig.  i6i  represena 
a  curve,  taken  from  a  series  machine,  driven  at  a  constn'^'-  ^ 
The  volts  calculated  are  measured  ofT  in  vertical  disijis^ 
ordinates,  and  the  amperes  in  horizontal  distances 
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the  intersection  of  corresponding  ordinates  and  abscissae  being 
points  on  the  curve.    The  length  of  the  side  of  a  square  in  the 
figure  represents  10  volts  or  10  amperes,  but  in  practice  it  is  better 
to  use  a  larger  sheet  of  paper  divided  into  a  greater  number  of 
squares,  one  side  of  each  square  representing  i  volt,  or  i  ampere 
as  the  case  may  be.     One  of  the  experiments  with  this  machine 
showed  that  70*6  volts  were  developed  when  i8'2  amperes  were 
flowing,  and  the  point  a  on  the  curve  is  the  result  of  this  particular 
experiment     It  is  the  point  of  intersection  of  the  two  straight 
lines,  c  a  and  d  a,  drawn  at  right  angles  to  o  y  and  o  x  respec- 
tively, c A  being  18*2  units  and  da  70*6  units,  in  length  (the  unit 
being  one-tenth  of  the  side  of  one  of  the  squares).     Another  ex- 
periment, which  determined  the  position  of  the  point  b,  showed  that 
42  amperes  were  flowing  when  87*4  volts  were  developed ;  therefore 
the  distance  eb  is  made  equal  to  42  units,  and  fb  to  87*4  units. 
Other  points  were  fixed  by  similar  experiments,  and  by  joining 
these  points  together  the  curve  was  obtained.     Considerable  care 
must  be  exercised  in  performing  the  necessary  experiments  to 
determine  one  of  these  curves,  and  in  the  region  of  any  decided 
change   in  the  curvature  the  number  of  experiments  must  be 
greater  than  in  the  more  uniform  portions  of  the  line.     Notwith- 
standing, however,  the  exercise  of  the  greatest  possible  care,  some 
of  the  points  are  usually  placed  a  little  out  of  position,  owing  to 
experimental  error.     But  experience  and  theory  teach  us  that 
zigzag  deviations  never  appear  in  the  curves  of  dynamo  machines, 
so  that  when  the  points  do  not  lie  exactly  on  a  regular  curve,"  we 
can,  to  a  certain  extent,  correct  experimental  errors,  by  striking 
what  may  be  called  an  average,  with  the  aid  of  a  flexible  ruler. 

Were  the  amperes  and  volts  to  increase  in  the  same  proportion 
throughout,  the  *  curve '  would  be  a  straight  line  ;  but  with  every 
self-exciting  series  dynamo  we  get  a  curve  somewhat  similar  to  the 
one  here  given — that  is  to  say,  with  the  first  part  ascending  rapidly, 
then  a  decided  bend,  followed  by  a  fairly  straight  portion  making 
a  smaller  angle  with  the  horizontal.  It  has  already  been  pointed 
out  that  although  the  e.m.f.  rises  as  the  current  flowing  round  the 
^dd-magnets  (and,  therefore,  as  the  strength  of  the  field)  increases, 
a  stage  is  reached  when  a  given  increase  in  the  current  does  not 
give  a  proportionate  increase  in  the  field.    This  happens  when  the 
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n 


306  Electrical  Engineering  ca^.n. 

iron  in  the  field-magnets  becomes  saturated,  and  it  is  at  th£ 
stage  that  the  decided  bend  in  the  characteristic  curve  slw? 
that  the  amperes  are  increasing  faster  than  the  volts. 

It  sometimes  happens  that  by  merely  glancing  at  a  conevc 
can  criticise  the  design  of  a  machine  in  some  important  respece; 
for  instance,  the  effect  of  having  too  little  iron  in  a  madiinevoiiii 
be  to  make  the  bend  occur  earlier  than  it  really  should  do.  Ode 
points  of  criticism  will  manifest  themselves  presendy. 

Reverting  to  fig.  161,  it  will  be  seen  that  the  curve  commence!^ 
not  exactly  at  the  point  o,  but  at  a  point  a  little  way  up  the  veffr 
cal  line,  thus  apparently  indicating  the  existence  of  a  small  ljli. 
before  the  current  commences  to  flow.  This  actually  is  tbe  cs; 
and  results  from  the  existence,  in  the  field-magnets,  of  reside 
magnetism,  which  provides  a  weak  field  and  produces  a  sad! 
E.M.F.  at  the  terminals  before  the  circuit  is  completed. 

The  two  quantities— current  and  e.m.f. — plotted  in  this  csi^ 
are  those  which,  when  multiplied  together,  enable  us  to  estM 
the  amount  of  power  being  developed  in  the  whole  circuit, fori 
product  of  one  volt  and  one  ampere  is  one  watt,  which  is  thcdifl 
trical  unit  of  power,  or  rate  of  expenditure  of  energy,  and  5^ 
watts  correspond  to  one  horse-power.  It  follows  that  ve  ^ 
select  any  point  on  the  curve  and  readily  calculate  what  p0il 
was  being  developed  in  the  circuit  at  the  particular  momofi  ^ 
the  point  was  determined;  for  instance,  during  the  expeoB 
which  determined  the  position  of  the  point  a,  the  povei 
veloped  was  70*6  x  18*2  =  1,284*92  watts. 

Such  calculations  can,  in  a  measure,  be  avoided  by  the  ^ 
tion  of  another  set  of  curves  cutting  the  characteristic  at  poi 
which  correspond  to  a  certain  horse-power  or  fractioD  of  i  M 
power.  Fig.  162  is  a  copy  of  fig.  161,  with  a  number  cf  ^ 
horse-power  curves  added  in  dotted  lines.  At  the  point  m,  ^ 
the  characteristic  cuts  the  i  horse-power  line,  the  product  rf^ 
and  amperes  is  equal  to  746  watts,  while  at  k  it  is  equal  to  i  A 
=  1,492  watts.  Now,  if  the  dynamo  is  driven  at  a  higher  ^ 
the  E.M.F.  for  a  given  current  will  be  greater — that  is»  tbei«rt| 
distances  will  be  relatively  greater  than  the  horizontal  onesifi 
speed  is  increased,  and  a  curve  somewhat  similar  in  shape;  I 
placed  above  the  existing  one,  will  be  obtained.    Seveiai  cal 
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may  thus  be  plotted  on  the  same  sheet  of  paper,  and  the  power 
developed  at  different  stages  in  each  case  readily  compared,  by 
reference  to  the  horse-power  lines. 

Although  it  is  possible  to  apply  to  these  horse-power  lines  a 
ather  high-sounding  mathematical  definition,  they  may  be  con- 
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ncted  by  a  simple  process.  As  an  example  let  us  take  the 
LP.  line  in  fig.  162 ;  t,  the  nearest  point  to  o,  will  be  equally 
ifeuit  from  o  X  and  o  v— that  is  to  say,  the  perpendiculars  drawn 
Bi  T  to  ox  and  o  y  will  be  equal.  These  perpendiculars  are 
(mn  in  fig.  163,  where  ts  =  tn,  and  their  product  tsxtn 
ist  be  equal  to  746  units,  since  x  is  a  point  on  the  curve. 
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Now  N  T  s  o  is  a  square,  all  the  sides  are  equal,  and  tberete 

TSXTNs=TN*  =  ON*  =  746,    or    O  N  =  ^/ 746.     (The  lEHl  in 

fig.  162  is  one-tenth  of  the  side  of  a  square,  and  in  every  casctae 
unit  is  that  length  taken  to  represent  one  volt  or  one  ampere.)  \ 
therefore,  we  take  on  and  os  equal  to  n/ 746 —that  is,  27*3 unie 
in  length,  and  draw  perpendiculars  from  n  and  s,  their  intersecLoc 

Fig.  163.  in    T  win    glTC  ti« 

{  first   point  oq  tk 

Y  \  curve.  Then,  if  an 

conveni^it  nmdber 
of  rectangles,  eqipl 
inareatothesqoin^ 
be  constnicted,  the 

product  of  tifo  *!• 
jacent  sides  ^i 
equal  on  x  tx  = 
746.  For  instaoc 
the  rectai^fes  ci 
and  DC  are  fS^ 
'"  to  the  square  c»i 
(o  A  and  o  D  bfct^ ; 
each  twice  thelec;^ 
0  E  s  D        X       of  ON,  andorafli 

o  E  being  half  that  length).  Therefore,  since  a  b  x  b  e  and  c  d  x  \.  • 
are  each  equal  to  746,  b  and  c  are  points  on  the  curve:  Tb» 
method  illustrates  the  principle  in  a  simple  manner,  and  qoiclff 
methods  of  finding  pairs  of  lines  whose  products  are  equal  'A 
suggest  themselves  (Euclid,  III.  36).  The  side  of  the  sq5a« 
determining  the  first  point  on  the  2  h.p.  line  will  be  equxl  ^' 
n/(2  X  746)=  >/ 1492,  consequently  the  other  points  can  be  fccai 
in  the  same  way  as  before. 

It  will  be  remembered  that  the  characteristic  in  fig.  t6t  c 
constructed  by  measuring  the  amperes,  and  calculating  the  lod 
volts ;  but  it  is  less  troublesome  to  join  up  a  voltmeter  and  ctf*, 
sure  directly  the  volts  at  the  terminals  of  the  dynamo,  axKl  ^ 
plot  a  curve  showing  the  potential  difference  at  the  tennisur 
(instead  of  the  total  E.M.F.),  corresponding  to  various  values  of  tk 
current.     In  feet,  this  latter  curve,  usually  called  the  exterarf 
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laracteristic  curve,  is  the  more  useful  of  the  two,  for  in  practice 
is  the  external  potential  difference  which  concerns  us  most 
In  fig.  164  the  curve  o  p  is  the  external  characteristic,  obtained 
Mn  the  same  machine  as  the  previous  curve,  running  at  the 
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le  speed.  The  bend  is  now  even  more  clearly  defined;  in  fact, 
ar  a  certain  point,  the  potential  difference  falls  as  the  current 
Dcreased«  One  reason  for  this  bending  down  is,  as  we  have 
i,  the  magnetic  saturation  of  the  iron,  and  it  is  also  partly 
ised  by  the  heavy  current  in  the  armature  distorting  the  field. 
t  curve  shows  us  then,  at  a  glance,  the  particular  current 
sigth  at  which  we  can  get  the  maximum  external  potential 
Serence  at  a  given  speed,  and,  of  course,  by  inserting  the  horse- 
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power  lines,  we  can  also  see  the  amount  of  power  absotbedin^ 

external  circuit.     Now  the  remainder  of  the  e.m.f.  is  absorbed  i 

overcoming  the  resistance  of  the  armature,  and  since  this  anuose 

resistance  is  constant,  this  portion  of  the  E.M.r.  (found  by  wAJ' 

plying  the  armature  resistance  and  the  current)  will  always  be  pre- 

portional  to  the  current  flowing.     In  fact,  if  we  plot  the* cnrje' 

for  current  and   e.m.f.  expended  in  the  armature,  we  get  & 

straight  Hne  o  a.     And,  further,  if  at  any  point,  say  c,  we  idd 

together  the  vertical  distance,  c  b,  from  the  base  line  to  the  line 

o  A,  and  c  d,  the  vertical  distance  to  the  external  characterittc, 

we  get  a  line  proportional  to  the  whole  E.M.F.,  giving  the  poirt  t 

on  the  original  total  characteristic.     In  this  manner  we  can  cv- 

struct  the  total  characteristic  curve,  now  shown  as  a  dotted  lioe; 

or,  given  this  curve,  we  might  draw  the  line  o  a,  and  by  sobwfi- 

ing,  deduce  the  external  characteristic. 

The  greater  the  armature  resistance  the  greater  wfll  be  6t 

fall  of  potential  along  it,  and  therefore  also  the  greater  will  be  ^ 

angle  which  o  a  makes  with  the  horizontal.     In  fact,  the  tan^ 

of   this  angle   is  proportional   to  the  annature   resistance,  0 

E       B  c 
R  =  -  =  —  =  tan  B  o  c. 

C        DC 

If  this  angle  happened  to  be  45^,  we  should  know  thai  ihe 
armature  resistance  is  i  ohm,  for  the  tangent  of  45®  is  i.  In  ^1 
present  case  the  angle  is  31®,  the  tangent  of  which  is  ©"feJi 
therefore  the  armature  resistance  is  o'6oi  ohm. 

Coming  now  to  the  case  of  a  shunt-wound  dynamo,  '* 
plot  the  curve  having  ordinates  proportional  to  the  detf»^ 
motive  force,  and  abscissae  proportional  to  the  cuirent  in  ^ 
shunt  coils,  a  somewhat  similar  result  is  obtained ;  but  ^ 
*  external'  characteristic  is  very  different,  as  will  be 
referring  to  fig.  165,  which  is  the  cur\'e  obtained  fincHn  a 
dynamo,  the  vertical  distances  being  proportional  to  the  poJcrf 
difference  at  the  terminals,  and  the  horizontal  distances  tt  dc 
current  in  the  external  circuit  As  before,  the  scale  taken  issrf 
that  a  side  of  a  square  represents  10  volts  or  10  amperes.  It  ^ 
suppose  the  series  of  measurements  to  be  commenced  when  «te 
external  circuit  is  disconnected  and  its  resistance  therefoie  i 
the  E.M.F.  at  the  terminals  of  the  machine  ^lill  have  its 
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value,  and  we  shall  obtain  p,  the  highest  point  on  the  curve.  With 
this  particular  machine  running  at  a  certain  constant  speed,  the 
maximum  e.m.f.  happened  to  be  63-5  volts,  and  as,  of  course,  no 
current  flowed  in  the  external  circuit,  the  point  p  is  placed  on  the 
line  o  Y,  at  a  distance  of  63-5  units  above  ox.    When  very  high 
resistance  is  intro- 
duced,   so  as    to 
allow  just  a  feeble 
current  to  flow  in 
the    external  cir- 
cuit, the  E.M.F.  at 
the  terminals  falls 
slightly,  and  con- 
tinues to  fall    as 
the   resistance    is 

reduced  and  the 

current        conse- 
quently increased. 

At  first  the  amount    • 

of  current  abstrac-  ^ 

ted  from  the  field- 1"  30 

magnet  coil  makes 

but  little  difference  ^ 

to  the  strength  of 

the      field,     and 

therefore     the 

E.M.F.     falls    but 

slightly.  But  when 

the  external  resist- 
ance is  so  low  that 

the    current    be- 
about    20 
the 
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amount  abstracted  from  the  shunt  begins  to  have  a  very  decided 
effect  upon  the  strength  of  the  field.  The  e,m.f.  then  falls  con- 
siderably, and,  the  current  remaining  fairly  constant  during  a 
small  range,  the  effect  is  seen  in  the  curve  as  a  sudden  bend 
downwards,  almost,   in  fact,  a  perpendicular  line.     The  resist- 
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ance  being  still  further  reduced,  not  only  does  the  E.M.r.  toil  tsi 
also  the  current,  giving  the  curve  a  turn  backwards^  undlpK- 
sently  the  field-magnets  lose  their  magnetism,  and  when  die  te- 
minals  are  short-circuited  the  curve  terminates  in  the  poini  4 
E.M.F.  and  current  being  then  reduced  to  niL  As  the  5cd- 
magnets,  however,  rarely  lose  the  whole  of  their  magDeoaij: 
feeble  current  continues  to  flow  after  the  terminals  ha«  heo 
short-circuited,  so  that  the  curve  should  really  end  at  a  point  sace 
little  distance  from  o  along  the  line  o  x. 

Although  these  characteristics  give  us  a   clear  idea  d  & 
manner  in  which  the  external  potential  varies  with  the  classes  tf 


Ohms 


dynamos  referred  to,  we  can  better  understand  the  method  J| 
combining,  or,  technically  speaking,  *  compounding,'  the  series  lalj 
shunt  windings  to  obtain  self-regulation,  by  constructing  and  caB-j 
paring  other  cur\'es,  which  show  how  the  external  potential  and  tk 
external  resistance  vary  together,  both  in  a  series  and  in  a  sb^j 
machine.  As  before,  the  ordinates  (fig.  i66)  represent  vohssfe^j 
the  abscissae  now  represent  ohms.  The  figure  shows  twoosw^i 
one  for  a  shunt  and  the  other  for  a  series  machine,  both  sOJC^i 
at  or  near  the  line  o  v,  when  the  external  resistance  is  verv  Ifl*  | 
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In  the  case  of  the  shunt  machine,  the  curve  shows  the  e.m.f.  to  be 
irery  low  at  first,  gradually  rising  for  a  short  distance  as  the  resist- 
ance is  increased,  until  at  a  certain  stage  it  ascends  suddenly,  this, 
as  we  know,  occurring  when  the  external  resistance  is  great  enough 
to  allow  the  field-magnets  to  become  strongly  magnetised.     On 
the  other  hand,  the  curve  from  the  series  machine  is  at  its  highest 
point  B,  when  the  resistance  is  low,  and  it  falls  almost  in  the  same 
manner  as  the  other  curve  rises.     This  curve  can  hardly  start  on 
the  line  o  y,  because,  of  course,  when  the  resistance  between  the 
terminals  is  w7,  no  difference  of  potential  can  exist,  but  it  quickly 
reaches  the  highest  point  as  the  resistance  is  increased.    Now  if  in 
one  machine  it  is  possible  to  so  proportion  the  shunt  and  series 
windings  that  the  maximum  effect  of  the  series  coil  is  equal  to  the 
maximuni  effect  of  the  shunt  coil,  and  also  that  the  effect  of  the 
series  coil  diminishes  in  the  same  proportion  as  the  effect  of  the 
shunt    coil    increases,   these   two  Mrindings   will  counterbalance 
each  other  through  a  considerable  variation  of  resistance,  and  the 
result  will  be  a  constant  external  potential  difference.    The  first 
condition  would  make  the  height  of  the  highest  points  on  each 
curve  equal ;  while  if  the  second  condition  were  attained,  the 
slope  downward  of  the  one  curve  would  exactly  correspond  to 
the  slope  upward  of  the  other.     And  at  any  point,  such  as  e,  the 
E.M.F.  due  to  the  series  coil  added  to  that  due  to  the  shunt  coil, 
that  is,  E  F  +  E  G,  should  give  us  the  vertical  line  e  h  equal  to  the 
height  of  the  highest  point  on  each  curve.     Likewise,  the  point  of 
intersection  a  should  be  midway  between  b  d  and  o  x,  and  the 
heights  of  the  two  curves  added  together  throughout  should  pro- 
duce the  straight  line  bd.    Then  the  e.m.f.  at  the  terminals  being 
constant,  the  current  will  vary  regularly  with  the  resistance,  and  we 
shall  consequently  obtain  a  straight  line  for  the  characteristic 
curve  of  the  compound- wound  machine.     It  is  evident  that  if  the 
series  coil  acts  too  powerfully  the  effect  will  be  to  raise  the  point  b, 
^iiat  is,  to  make  the  e.m.f.  higher  when  the  external  resistance 
*s  low  and  the  current  strong,  than  when  the  external  resistance 
^s  higher ;  and  vice  versd. 

Since,  however,  the  effect  of  an  alteration  of  the  speed  of 
notation  of  the  armature  is  so  different  in  the  case  of  a  series  as 
compared  with  a  shunt  machine,  a  dynamo  compounded  in  the 
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manner  just  described  is  only  self-regulating  at  a  given  speed ;  ior 
at  any  other  speed  the  two  windings  do  not  compensate  eadi  oda 
In  the  case  of  a  series  machine,  if,  for  instance,  the  speed  les 
doubled  and  the  external  resistance  increased  sufficiesttf  to  kny 
the  current  the  same,  the  strength  of  field  would  remain  luubaei 
and  the  e.m.f.  would  be  increased  almost,  but  not  quite,  tw>4M 

Fig.  167. 


by  the  doubled  speed.      On  the  other  hand,  if»  with  a 
dynamo,  by  increasing  the  external  resistance  we  roainlas 
external  current  constant  when  the  speed  is  doubled,  the 
the  shunt  coil,  and  therefore  the  strength  of  the  fidd,  t 
instead  of  remaining  the  same  as  does  that  of  a  series 
While,  if  at  the  doubled  speed  the  resistance  were  reduced  to 
the  current  in  the  shunt  coil  the  same  as  at  the  lower 
external  current  would  be  greatly  increased  in  strength. 
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lecause  of  these  difTerent  effects  of  an  alteration  of  speed  on  the 
cries  and  shunt  windings,  the  dynamo  will  only  regulate  perfectly 
rhen  driven  at  the  particular  speed  for  which  it  was  compounded. 
n  practice  the  speed  at  which  the  machine  is  to  run  is  usually  deter- 
nined  beforehand,  then  at  this  speed  the  shunt  coils  alone  must 
3e  able  to  provide  a  sufficiently  strong  field  to  develop  at  the 
terminals  the  required  e.m.f.  when  the  external  circuit  is  dis- 
connected, while  when  the  external  resistance  is  made  as  low  as  it 
win  be  in  actual  working  the  ampere-turns  in  series  should  be 
able  to  maintain  this  same  field. 

The  connections  of  a  compound- wound  dynamo,  and  the  paths 
taken  by  the  current  through  its  coils,  are  typically  illustrated  in 
fig.  167. 

As  in  previous  similar  figures,  Bi  Bj  are  the  brushes  ;  at  B}  the 
current  generated  in  the  armature  divides,  part  going  through  the 
shunt  coils  wound  on  the  lower  parts  of  the  limbs  of  the  field- 
magnet  and  thence  returning  to  the  brush,  Bj.     The  remainder 
passes  through  the  external  circuit  r,  then  round  the  series  coils 
on  the  upper  part  of  the  field-magnet,  and  thence  to  the  brush,  Bj. 
The  shunt  coils  are  wound 
with     comparatively    fine 
wke,  but,  of  course,  the  re- 
sistance of  the  series  coils 
must  be  kept  very  low  as 
they  carry  the  main  current, 
Mvd   they    are  composed, 
therefore,  of  a  few  turns  of  \  ' 
very  thick  wire.     The  rela- 
tive positions  of  the  two 
sets  of  coils  is  not  always 
that  shown,  the  series  coil 

being  sometimes  wound  outside  and  sometimes  inside  the  shunt 
coil ;  but  this  not  very  important  point  is  decided  by  convenience 
in  construction  rather  than  by  theory. 

To  render  the  path  of  the  current  even  more  easily  understood, 
fig.  168  is  added  ;  R  is  the  external  circuit,  d  the  armature,  s  the 
shunt  coil,  and  p  the  series  coil 

In  practice  so  successfiil  are  designers  and  manufacturers,  that 
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it  is  not  uncommon  to  find  a  machine  which,  when  dnven  a:  i^ 
proper  speed,  gives  a  straight  line  as  its  characteristic,  throjpa 
range  of  loo  amperes  or  even  more. 

The  foregoing  method  is  the  one  commonly  adopted  for  cacr 
pounding  dynamos  to  give  a  constant  external  potential,  no:v:*Jh| 
standing  variations  in  the  external  circuit.     We  shall  not  refer 
any  other  methods,  many  of  which  are  only  theoretically  pos^: 
but  may  briefly  mention  some  interesting  experiments  of  the 
Hopkinson  which  bear  somewhat  upon  this  point    They 
nected  the  field-magnet  coils  of  a  certain  machine,  and, 
placed   the  brushes  in  the  position   for  an  undistorted 
connected  them  to  the  terminals  of  a  Siemens  d} 
Then,  when   the  armature  was  driven  at  1,380  revoludoos 
minute,  the  current,  due  solely  to  residual  magnetism,  vas 
amperes;  but  on  giving  the  brushes  a  slight  forward  lead, 
current  fell  almost  to  zero,  because  the  field  due  to  the  cumati 
the  armature  was  then  opposing  that  maintained  by  the 
magnetism.     But  when  a  backward  lead  was  given  to  the 
the  polarity  of  the  armature  was  shifted  round  so  as  to 
the  residual  magnetism  in  the  pole-pieces  ;  the  armature,  in 
now  generated  its  own  field,  and  a  current  of  234  amperes' 
obtained.     Since  the  field  in  such  a  case  is  almost  proponicnil| 
the  current  flowing  in  the  armature,  which  increases  as  the 
resistance  falls,  such  an  arrangement  would  regulate  for 
potential  \  but  it  is  not  practicable  owing  to  the  destructive 
which  arises  in  consequence  of  the  coils  being  short-circui»l| 
the  brushes  while  fairly  active. 


CHAPTER    X. 

F  CUKRfcNT    D/NAMOS — {Otttinutd. 

:  and  tiescribe  some  of  the  best  modem 
,  selecting  only  such  as  are  of  first-class 
1,  and  directing  attention  in  each  case  to 
e  likel)-  to  prove  most  instructive  in  showing 
ciples  are  applied,  and  how,  in  practice, 
momical  considerations  sometimes  cause  a 
It  which  a  narrow  theory  might  show  to  be  the 

mmendcd  to  pay  particular  attention  to  the 

ir  securing  mechanical  strength  and  durability. 

\,  for  example,  that  it  is  quite  as  important  to 

:  being  stripped  from  an  aimature,  as  to 

Again,  while  a  waste  of  power,  such  as  is 

eating  of  the  iron  core  by  eddy  currents,  is  to  be 

e  which  shows  itself  in  such  a  manner  as  the 

s  equally,  or  even  more,  to  be  avoided. 

t  power  applied  to  the  shaft  is  wasted— in  the 

;  latter  case  before,  it  has  been  trans- 

trical  power. 

Insirates  a  dj  namo  constructed  by  Messrs.  W,  T. 

I,  the  amialure  being  of  the  Gramme  ring '  type, 

iduced  by  an  inverted  horse-shoe  magnet    This 

i  com  pound- wound,  and  the  arrangement  is 

IT  to  that  depi<  led  in  fig.  167.   A  vertical  section  of 

k  tight  angles  to  the  shaft  is  given  in  fig.  170.    The 

ron  and   includes  a  solid  piece,  d,  in  the 

f  under  Uic  armature  and  field-magnet,  to  form  the 
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vpke  of  the  latter.  But  wroi^ht-iron  is  employed  for  the  actual 
cores  round  which  the  field-magnet  coils  are  wound,  each  core, 
WW,  consisting  of  a  slab  of  special  soft  hammered  scrap-iron  ; 
ftus  giving  the  advantage,  previously  referred  to,  of  economising 
«Of^r  wire,  by  obtaining  the  requisite  magneiic  conductivity 
with  the  minimum  sectional  area.  The  pole-pittes  are  of  grey 
ipltjron,  and  the  sectional  area  of  all  the  cast-iron  portions  is 


■ifficiently  increased  to  compensate  for  the  lower  permeaWlity  as 
WOparcd  with  that  of  the  excellent  iron  forming  ihe  core.  It  is, 
™ever,  evident  that  as  the  lines  of  force  begin  to  ;.iss  into  the 
•""attire  from  the  bottom  of  the  pole-pieces,  fi"-  1  lines  pass 
through  the  upper  part  of  it  than  through  the  louf.  .ind  conse- 
quently there  is  no  advantage  in  having  the  iron  .-1  the  same 
Ibickness  throughout.      The    pok-jiieces,    pi*,    arc    liierefore  so 
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shaped  that  they  taper  away  towards  the  horns  at  about  the  »jnc 
rate  that  the  number  of  lines  of  force  passing  thnni^  tben 
diminishes  in  consequence  of  the  lines  leaving  at  the  nnoos 
portions  of  the  face,  thus  giving  the  same  magnetic  dmsni 
throughout.  Two  long  bolts  pass  through  each  of  the  pole-pecs 
and  the  wrought-iron  cores,  screwing,  at  their  lower  cxtneinitie^ 
into  the  solid  portion  of  the  bed-plate  which  forms  the  7ok^ 
piece,  and  thus  holding  these  parts  firmly  together.  The  axis  ve 
wound  so  as  to  leave  a  space  between  the  wire  and  the  ooUr  &a 
of  the  wrought-iron  core,  as  shown  at  a  a  in  the  figure,  f<mitf 
thereby  a  very  effective  means  of  ventilation,  for  as  the  wire  geu 
warm  its  heat  is  imparted  to  the  air  inside  this  space,  and  tbs  a 
rising,  a  constant  circulation  is  maintained  and  the  heat  onied 
off  by  a  steady  draught  of  cold  air. 

The  series  winding  consists  of  twenty-five  convolutioio  i' 
copper  strand,  composed  of  nineteen  No.  15  wires  (standaawt 
gauge),  a  stranded  conductor  beingniuch  more  flexible  thana>*i 
one,  although  it  occupies  a  little  more  space.     Over  this  is  wjirrf 


the  shunt  coil,  which  consists  of  2,712  turns,  its  r 
3o'6  ohms.     In  order  to  afford  a  means  of  obtaining  this  n 
ance  with  this  particular  number  of  convolutions,  t 
wire  are  employed— viz.  Nos.  15  and  16,  s.w.c. — th 
li;ngths  of  these  two  wires  being  adjusted  to  satisfy  the  c 

The  complete  armature  is  shown  in  fig.  : 
sists  of  a  numl>er  of  very  thin  flat  rings  of  well-annealed  ci 
iron,  as  shown  at  d  in  the  sectional  view  (fig.  170). 
diameter  of  the  ring  or  disc  is  11^  inches,  and  its  inn«  d 
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\  inches.  Four  rectangular  notches  are  cut  out  of  each  disc,  at 
qual  distances  round  the  inner  edge  ;  a  sheet  of  thin  paper  insu- 
res each  disc  from  its  neighbours,  the  whole  of  them  being  held 
ightly  together  by  two  rigid  end-plates.  Upon  the  Bessemer  steel 
ihaft  B  is  keyed  a  gun-metal  spider,  s,  having  four  radial  arms,  its 
ength  along  the  shaft  being  equal  to  that  of  the  finished  core, 
ind  the  extremities  of  the  arms  fitting  accurately  into  the  notches 
in  the  discs.  The  student  will  remember  the  necessity  for  avoid- 
ing, as  for  as  possible,  the  use  of  iron  in  the  interior  of  a  Gramme 
ring,  and  will  therefore  understand  the  reason  for  making  the 
spider  of  gun-metal.  It  should  also  be  borne  in  mind  that  although 
it  is  absolutely  necessary  to  efficiently  insulate  the  thin  plates  into 
which  the  core  is  divided,  yet,  in  consequence  of  the  thinness  of 
the  discs,  the  space  occupied  by  the  insulation  forms  a  consider- 
able portion  of  the  whole,  whence  the  magnetic  resistance  is  pro- 
portionally increased.  In  this  particular,  case,  80  per  cent,  of  the 
cote  consists  of  iron  and  the  rest  of  paper. 

The  armature  conductor  consists  of  cotton -covered  copper  wire 
of  No.  9  standard  wire  gauge,  lying  round  the  core  in  one  layer 
and  offering  a  resistance,  from  brush  to  brush,  of  o'048  ohm. 

There  are  two  convolutions  in  each  section,  the  adjacent  ends 
of  neighbouring  convolutions  being  soldered  to  radial  lugs  pro- 
jecting from  the  commutator  bars,  as  shown  in  fig.  171. 

lliere  are  152  such  sections,  and,  consequently,  seve!ity-six 
bars  in  the  commutator,  these  bars  being  of  hard  drawn  copper 
insulated  from  each  other  by  mica  strips  075  mm.  in  thickness. 
Mica  is  almost  the  only  material  now  used  for  this  purpose,  for 
which  it  is  eminently  suitable,  because  of  its  excellent  insulating 
properties,  its  great  durability,  and  its  practically  perfect  cleavage, 
m  consequence  of  which  it  can  be  procured  of  any  desired 
thinness. 

As  the  length  of  conductor  pcirallel  to  the  shaft  is  considerable, 
there  is  a  risk  of  its  bulging  out  when  rotated  at  a  high  speed,  a 
tendency  which  would  be  assisted  by  the  rise  in  temperature  and 
consequent  expansion  of  the  wire,  caused  by  the  current  itself, 
^y  such  bulging  out  or  stripping  of  the  conductor  is  prevented 
l>y  binding  the  armature  with  several  turns  of  fine  strong  wire  in 
three  places,  as  shown  in  fig.  171. 

Y 
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The  speed  of  the  machine  is  1,050  revolutions  per  minute,  at 
which  it  is  capable  of  giving  a  current  of  75  amperes,  withanLKF. 
at  its  terminals  of  100  volts. 

The  brushes  consist  of  flat  tough  copper  strips,  fixed  in  adjust- 
able holders,  which  are  carried  by  the  horizontal  arms  pretectal 
frpm  the  rocking  lever,  as  shown  in  fig.  169,  This  lever  is  pro- 
vided with  an  insulating  handle,  by  means  of  which  it  can  be 
rotated  in  either  direction  round  the  axis  of  the  shaft,  thus  afiixi 
ing  facilities  for  altering  the  lead  of  the  brushes  to  suit  diereq^ 
ments.  It  is  carried  on  a  projection  from  the  standard  snppvtiQi 
the  bearing,  and  is  made  in  two  pieces  bolted  together,  so  to  i 
can  be  readily  tightened  up  on  its  bearing,  or,  if  xxffSB\ 
removed.  The  horizontal  arms  are  insulated  from  the  km  faf 
hard  fibre  collars ;  and  spiral  springs,  with  adjusting  screis.iK 
provided  for  varying  the  pressure  of  the  brushes  on  the  comiBti^ 
the  pressure  being  always  as  light  as  is  consistent  wkh  idbbk 
contact. 

The  brushes  are  shown  lifted  from  the  commutator ;  anditi^ 
be  observed  that  they  can  be  adjusted  along  the  bars,  so  as  l| 
press  upon  different  parts  when  the  machine  is  running,  fl^ 
thereby  distribute  the  wear.  The  commutator  is  turned  19  pel 
fectly  true  in  a  lathe  with  a  fine  tool  which  cuts  the  ocff^ 
cleanly  and  does  not  drag  or  burr  it  over  the  mica  strips  j 

The  shaft-bearings  are  of  phosphor  bronze,  and  the  rim  of  ij 
pulley  is  perforated  to  afford  a  better  grip  for  the  belt.  I 

Most  machines  are,  however,  now  made  of  the  drum  t];pe, 
fig.  1 72  illustrates  a  drum-armature  dynamo  constructed  by  ^j 
makers.    The  general  proportions  of  the  field-magnets  ait 
what  similar  to  those  of  the  machine  already  described,  hot 
method  of  fixing  the  parts  together  differs.    TTie  two  vertical 
passing  through  each  of  the  pole-pieces  extend  only  abooz 
way  into  the  wrought-iron  cores.    Each  core  is  lengthened  a 
and,  fitting  into  a  slot  in  the  cast-iron  bed-plate,  is  bdd 
position  by  two  horizontal  bolts  passing  through  the  scdid 
the  casting.    The  core  is  built  up  in  a  manner  somewfaat 
to  that  adopted  for  the  ring  machine,  but  the  radial  dqith  of^ 
discs  is  somewhat  greater,  and  the  driving-spider  is  made  of 
instead  of  gun-metal.    The  armature  conductor  is  cossposel^ 
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iro  No.  1 1  wires  wound  on  together  in  parallel,  and  the  resistance 
om  brush  to  brush  is  0*0341  ohm.  The  commutator  has  eighty 
ars.  The  6  eld -magnets  are  compound  wound,  the  series-winding 
omprising  sixty-six  turns,  each  of  which  consists  of  two  No.  6 
rires  in  parallel  ;  and  the  shunt  coils,  which  are  wound  over  the 
eries  coils,  contain  2,600  convolutions  of  No.  15  wire,  having  a 
esistance  of  1 5  ohms. 

At  a  speed  of  1,180  revolutions,  a  current  of  85  amperes, 
rith  a  potential  difference  of  80  volts  at  the  terminals,  is  delivered. 


In  some  cases,  where  the  current  generated  is  very  heavy,  the 
active  conductor  consists  of  thick  copper  bars,  which  are  laminated 
to  reduce  the  eddies  in  them,  the  bars  being,  asTa  rule,  divided 
longiiudinally  into  five  sections. 

These  dynamos  are  compounded  to  give  a  constant  potential 
*™i  driven  at  a  certain  speed,  but  for  cases  where  the  speed  is 
"»ble  to  variation,  and  where,  therefore,  a  compound  machine 
"^iwt  be  used,  but  where  a  constant  e.m.f.  or  a  constant 
Oirrent  is  required,  or  where  it  is  desired  to  maintain  a  constant 
°'nent  although  the  external  resistance  varies,  an  automatic  me- 
chanical  regulator  is  employed.  This  regulator  varies  the  strength 
"■  'he  field  by  altering  the  strength  of  the  current  flowing  through 
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the  field-magnet  coils.  A  set  of  resistance  coils  is  placed  in  series 
with  the  field-magnet  coils  of  a  shunt- wound  machine,  and  a 
arrangement  adopted  for  cutting  out  some  of  these  coib  liia 
the  current  or  the  potential  difference  falls  too  low,  or  insertiif 
more  of  them  when  it  becomes  too  high.  The  complete  set  oi 
regulating  apparatus  is  shown  in  ^%,  173.  The  resistance  cdl^ 
which  are  shown  at  the  lower  part  of  the  figure,  consist  of  spinli 
of  bare  iron  wire,  supported  by  a  wooden  frame  in  such  a  wsst 
as  to  afford  great  facilities  for  cooling  when  heated  by  the  pass^ 
of  the  current.  An  important  part  of  the  apparatus  is  the  iuji 
solenoid,  placed  with  its  axis  vertical.  If  it  is  desired  to  naioiai 
a  constant  potential  under  varying  conditions,  this  solenoid  coi 
sists  of  many  turns  of  fine  copper  wire,  the  two  wires  a  and  1 
leading  from  its  terminals,  being  joined  to  the  brushes  of  "^ 
dynamo.  An  iron  core,  suspended  by  a  spiral  spring,  projeas  1 
short  distance  into  the  upper  portion  of  the  solenoid.  ^Vliea  thi 
potential  rises  the  current  increases  and  sucks  this  core  w^ 
down ;  while  a  fall  of  potential  allows  the  antagonistic  q>inl  ^^ 
to  withdraw  the  core  a  little.  From  the  upper  portion  of  tkctf 
projects  an  arm,  its  end  playing  between  two  light  wheds  ^ 
are  rigidly  fixed  on  a  common  vertical  spindle,  this  spindle  hasil 
a  small  amount  of  end-play.  The  tension  of  the  spring  is  «ii 
justed  that  when  the  potential  is  at  the  required  value  the  a# 
wheel  just  rests  upon  the  arm  projecting  from  the  core,  ixA  W 
wheels  are  kept  clear  of  a  small  rubber-faced  disc  on  the  c«l  rf 
short  horizontal  shaft,  which  is  driven  by  a  belt  firom  the  oi 
shafting.  If,  on  account  of  a  rise  in  the  potential,  the  core  •i 
its  projecting  arm  is  sucked  down,  the  two  light  wheds  drc^  *■ 
the  upper  one  engaging  with  the  rubber  disc,  is  rapidly  rottM 
A  screw  thread  is  cut  in  the  vertical  spindle  some  little  dis^ 
below  the  wheels,  and  on  it  is  a  rather  long  screw-nut  wbkk 
prevented  rotating,  and  which,  therefore,  travels  up  ordown  Kctd 
ing  to  the  direction  of  rotation  of  the  vertical  spindk.  -^ 
spring  projects  from  this  nut,  its  end  passing  over  a  set  of 
pieces  to  which  are  connected  the  various  resistance  coik  one 
of  the  series  of  coils  being  joined  to  the  upper  contact  piece, 
the  other  end  direct  to  the  vertical  spindle  and  screw  net 
are  also  in  connection  with  the  terminal  B.     The  arrangcme:* 
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such  that  the  motion  imparted  to  the  spindle,  due  to  an  increase 
of  E.M.F.,  moves  the  flat  spring  in  the  direction  which  throws  more 
resistance  in  series  with  the  field-magnet  coils,  while  if  the  core  i 
moved  upwards,  the  lower  wheel  engages  with  the  friction  & 
and  rotates  the  spindle  in  the  reverse  direction,  reducii^  the 
resistance  in  the  field-magnet  circuit. 

The  solenoid  is  subject  to  the  same  heating  error  as  a  vok- 
nieter,  and  to  minimise  this  it  is  more  frequently  wound  with 
fairly  thick  wire,  the  temperature  of  which  rises  but  little,  ai^  the 
necessary  resistance  is  obtained  by  joining  in  series  with  it  Ger- 
man silver  coils,  which  have  a  lower  temperature  coefficient,  and, 
being  left  bare,  dissipate  heat  readily.  When  the  apparatus  is  re 
quired  to  maintain  a  constant  current,  the  solenoid  is  wound  «iA 
thick  wire,  and  is  joined  up  directly  in  the  main  circuit;  thertse 
and  fall  of  the  main  current  which  passes  through  it  acting  in  u!e 
same  way  as  a  rise  and  fall  of  potential  at  its  ends.  The  s«a3 
horizontal  shaft  is  driven  at  about  400  revolutions  per  minute,a3^ 
the  nut  carrying  the  contact  spring  can  then  travel  owrifec 
whole  range  in  about  ten  or  twelve  seconds.  The  flat  spring  i»» 
broad  that  the  circuit  is  never  broken  during  the  movement  of  die 
spring,  and  a  large  number  of  coils  is  employed  in  order  that  tie 
increase  or  decrease  of  the  resistance  shall  take  place  giadosBf. 
The  weak  point  about  the  apparatus,  as  depicted  in  fig.  173,  is  t^ 
means  adopted  for  imparting  circular  motion  to  the  light  wkrfs; 
for,  although  the  friction  between  the  rubber  disc  and  the  »bd 
rim  is  at  first  quite  suflScient,  it  becomes  uncertain  and  unidbHc 
if  the  rubber  gets  dirty  or  covered  with  oil.  To  overcome  *A 
difficulty  an  entirely  diflierent  gearing  has  been  adqpted  is  Ai 
later  apparatus,  the  essential  parts  of  which  are  shown  in  f^  iT* 
R  is  the  contact  spring,  carried  by  the  nut  n,  working  npon 
screw  shaft  c,  up  and  down  which  the  nut  travels  according  to 
direction  in  which  the  screw  is  turned.  The  screw  fon» 
lower  part  of  the  vertical  spindle  f  g,  upon  the  upper  pin 
which  is  fixed  a  pin-wheel  a,  that  is,  a  flat  disc  having  a  nuste 
of  pins  fixed  parallel  to  its  axis  at  equal  distances  round  its  ^ 
cumference.  Behind  the  spindle  and  parallel  to  the  jJane  rf  ^ 
disc  are  two  endless  screws  d,  e,  the  upper  one  being  at  the  end  ■ 
the  shaft,  which  is  driven  by  a  belt  on  the  pulley  p.    By  meaJHrf 
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be  equal  spur  wheels  h  and  k,  the  lower  shaft  is  driven  at  the 
ame  velocity  as  the  upper  one,  but  in  the  opposite  direction, 
rhe  arm  projecting  from  the  top  of  the  core  of  the  solenoid  is 
livoted  at  c,  and  forked  from  the  point  b,  the  adjustment,  as 
cfore,  being  such  that  when  the  current  or  potential  is  at  its 
roper  value,  the  pin-wheel  rests  on  the  extremities  of  the  fork, 
1st  midway  between  the  two  revolving  screws.  Any  movement  of 
le  core  raises  or  lowers  the  supporting  arm,  thus  lifting  the  pin- 
ibeel  or  allowing  it  to  fall,  so  that  the  pins  then  gear  either  with 
le  upper  or  the  lower  screw,  and  communicate  a  circular  motion 
\  the  vertical  spindle,  in  the  one  direction  or  the  other  as  the 
isemay  be. 

Within  certain  limits,  the  e.m.f.  or  current  which  the  regulator 
ointains  can  be  varied  by  altering  the  tension  of  the  spiral  spring 

Fig.  174. 


E*  '73)>  2ind  as  this  spring  is  a  very  important  factor  in  the 
00th  working  of  the  apparatus,  considerable  care  is  exercised  in 
ecting  it  In  order  to  render  the  core  perfectly  astatic,  resting 
eidedly  in  any  required  position,  it  is  necessary  for  the  puU  of 
\  solenoid  on  the  core  and  the  antagonistic  pull  of  the  spring  to 
lance  each  other,  length  for  length,  throughout  the  whole  of 
\  space  travelled  by  the  core — that  is  to  say,  suppose  it  ex- 
iences  a  sucking  force  which  moves  it  two  centimetres  inwards, 
imst  the  spring,  the  force  of  suction  on  the  core  in  this  new 
ikion  must  be  greater  by  exactly  the  same  amount  that  is  neces- 
y  to  extend  the  spring  two  centimetres.    This  rather  difficult 


328 


Electrical  Engineering 


adjustment  is  so  successfully  accomplished  that  the  core  is  per- 
fectly astatic,  gliding  to  any  new  position  immediately  the  cuireni 
changes,  and  floating  there  without  any  oscillation. 

The  '  Phoenix '  dynamo  is  nmde  by  Messrs.  Pateison  itCoopa, 
and  in  two  distinct  fonns,  according  to  the  circumstances  nndci 
which  the  machine  is  to  be  employed.    \Vhere  lightness  of  ran- 


struction  is  imperative  the  field-magnets  are  made  of  «ron^ 
iron,  but  where  the  weight  becomes  a  matter  of  secondary'  i 
ance  cast-iron  is  used,  its  lower  permeability  being  cumpenSM 
for  l)y  using  about  two  and  a  half  times  the  amount  of  metal.  ^ 
first  of  these  machines,  in  which  the  aim  has  been  to  otxxn 
comparatively  great  electrical  output  for  a  minimum  wei^* 
illustrated  in  fig.  175. 

The  field-magnet  and  bed-plate  are  the  parts  of  the  nu<3 
in  which  the  greatest  reduction  in  weight  can  be  nude,  lod 
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skill  of  the  designer  is  shown  in  the  manner  in  which  this  is 
urcomplished  without  increasing  the  'magnetic  resistance'  or 
diminishing  the  mechanical  strength. 

The  field-magnet  is  of  the  horse-shoe  shape,  fixed  with  the 
poles  uppermost.  It  is  made  of  a  single  massive  wrought-iron 
forging,  which  is  slotted  out  to  form  the  two  limbs,  sufficient  metal 
being  left  at  the  bottom  to  form  a  substantial  yoke.    The  space 


in  which  the  armature  revolves  is  then  bored  out.  It  will  thus  be 
seen  that  there  is  no  break  in  the  magnetic  circuit,  while,  being  of 
wrought-iron,  the  magnetic  resistance  is  very  low.  Two  cast-iron 
angle-pieces,  which  receive  the  foundation  boits,  are  bolted  on  to 
the  yoke.  The  bobbins  on  which  the  field-magnet  coils  are  wound 
are  made  of  sheet-iron,  with  brass  flanges,  and  are  slipped  over 
the  limbs  after  the  wire  has  been  wound. 

Two  very  strong  gun-metal  brackets  are  then  bolted  to  the 
pole-pieces,  for  the  purpose  of  carrying  the  armature  bearii^, 
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Fig.  177. 


which  are  of  white  metal,  the  whole  forming  a  machine  mediani 
cally  strong,  but  of  comparatively  little  weight.  It  need  hardly  be 
said  that  this  construction  is  expensive,  and  would  not  be  warrant- 
able in  cases  where  there  is  a  solid  foundation  available  and  where 
a  little  extra  weight  is  immaterial  Fig.  1 76  illustrates  a  machine 
designed  for  use  in  such  cases,  a  section  through  the  field-magnets 
being  shown  in  fig.  177.     Here  the  field-magnets  are  of  cast-iroo, 

but  of  greater  secticmal  ara. 
Both  limbs  are  in  one  casdcg, 
being   connected  tc^ether  b) 
the  rather  thin  piece  ^own  at 
A.     This  casting    is  secmdy 
bolted  down  to  the  east-iran 
bed-plate,  which,  directly  un- 
derneath the  field-magnet  ?$ 
solid  and  massive,  and,  together 
with  the  thin  connecting-piece 
A,  forms  the  yoke.    The  tff- 
minal  board  is  fixed  across  tki 
upper  ends  of  the  field-magxt 
cores.   The  bobbins  are  siair 
to  those  in  the  machine  prc^ 
viously  described,  but  the  armature  is  carried  on  vertical  casi-iroi 
brackets  bolted  to  the  bed-plate.     In  the  machine  shown  tac 
pulley  is  grooved  for  rope-gearing. 

The  brushes  are  made  of  soft  brass  wire,  and  in  the  wnx^- 
iron  machine  each  brush  is  composed  of  four  indqpeoctoif 
adjustable  sections,  the  holder  rocking  round  an  extension  of  di 
gun-metal  bracket 

The  commutator  consists  of  forty-eight  bars,  either  of  hH 
drawn  copper  or  gun-metal  castings,  insulated  with  mica.  Fi^  C^ 
gives  two  views  of  this  commutator,  the  upper  half  in  each  csj^ 
being  shown  in  section.  Upon  the  steel  shaft  f  is  keyed  a  ^ 
metal  bush,  e,  with  a  rim  at  one  end  recessed  to  receive  the  J5» 
jections  from  the  commutator  bars  b.  The  opposite  coraer  A 
these  bars  is  shaped  to  fit  a  steel  ring,  c,  of  triangular  sccDrtj 
which  is  held  tight  home  by  the  wrought-iron  washer,  u,  sere*" 
on  to  the  gun- metal  bush.     The  bars  are   insulated  from  flrf 
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lier  by  means  of  mica,  and  from  the  bush  E  and  ring  c  by  sheets 
*  white  fibre,  indicated  by  the  thick  lines  in  the  figure. 
The  armature  is  of  the  ring  type,  and  its  core  is  built  up  of  a 
itnber  of  thin  soft  iron  rings  (d,  fig.  1 79),  insulated  by  paraffined 


)er  and  the  whole  firmly  clamped  together  between  two  end 
nes  by  three  delta  metal  bolts  b,  semicircuhr  pieces  being 
nped  out  of  the  iron  nngs  to  fit  these  bolts     A  gun-metal 


at 


ler  with  three  radial  arms,  g,  is  keyed  on  to  the  shaft  at  each 
of  the  core,  the  bolts  passing  thmugh  their  extremities  as  at  f. 
One  size  of  the  machine  illustrated  in  fig.  176  has  an  output 
1,500  watts  at  100  volts  {65  amperes)  when  driven  at  1,300 


.11"!  .Mh-iill  ii^l  l>v  \t.---:..'\\.  \\,.\\k\'.\  Vak  I-  _,■ 


CHAP.  X.  Kapp  Dynamo  333 

object  being  to  minimise,  as  far  as  possible,  the  magnetic  leakage, 
as  will  be  further  explained  presently.  The  armature  in  the  ma- 
chine illustrated  is  of  the  ring  or  cylinder  type,  but  very  few  Kapp 
machines  are  now  made  with  this  class  of  armature.  The  drum 
and  ring  types  are,  however,  very  similar  in  external  appearance, 
the  chief  difference  being  that  due  to  the  greater  projection  of  the 
drum  armature  on  account  of  the  space  taken  up  by  the  cross- 
connections. 

Figs,  181  and  182  illustrate  many  details  of  a  recently-con- 
structed drum  machine,  the  former  being  a  longitudinal  section, 
and  the  latter  an  end  view,  half  in  section. 

Each  field-magnet  limb,  f,  consists  of  a  single  slab  of  wrought- 
iron,  the  lower  end  of  which  fits  into  a  slot  in  the  cast-iron  bed- 
plate.    The  bed-plate  is  solid  at  this  part,  and  the  vertical  limbs 
are  secured  in  position  by  two  large  bolts  passing  through,  as 
shown  in  fig.  182,    The  pole-pieces  are  bored  out  circularly  to 
form  the  space  in  which  the  armature  is  to  revolve,  and  the  horns 
a  a  securely  pinned  on.     Upon  the  upper  horns  is  fixed  a  board 
B,  which  acts  as  a  cover  to  protect  the  armature.      The  field- 
magnet  coils  are  of  cotton-covered  copper  wire  and  are  wound  on 
fiumes  or  bobbins  of  thin  sheet  steel,  b  b^  insulated  with  varnished 
paper,  the  bobbins  being  slipped  over  the  cores  after  the  wire  has 
been  wound. 

The  construction  of  the  armature,  which  is  well-designed  and 
built  with  extreme  care,  is  shown  in  fig.  181.   h  is  a  cast-iron  hub, 
having  three  radial  arms,  w  ;  it  is  securely  keyed  on  to  the  steel 
shaft,  its  length  along  the  shaft  being  equal  to  the  length  of  the 
finished  core.     The  extremities  of  the  arms  are  planed  to  fit  into 
notches  in  the  core  plates,  c,  as  shown  in  fig.  183,  which  is  a 
section  through  the  armature  core  and  hub  taken  at  right  angles 
to  the  shaft.     The  core  plates  are  of  thin  charcoal  iron,  and  be- 
tween them  at  equal  intervals  are  placed  three  pairs  of  thicker 
rigid  plates,  which  are  kept  a  little  distance  apart  by  pieces  of  hard 
fibre,  thus  affording  spaces  for  the  circulation  of  air  for  ventilating 
purposes.     The  plates  are  separately  well  varnished  and  then  built 
up,  and  while  under  high  pressure  between  temporary  end-plates, 
the  core  is  slotted  to  receive  the  arms,  w,  of  the  hub.    The  letter- 
ing of  figs.  181  and  183  corresponds.     In  the  former,  one  arm,  w, 


Electrical  Enginetrtng 


334 

is  shown  directly  below  the  shaft,  while  above  it  is  the  air-sjKE, 
s,  between  the  other  two  anns. 

At  one  end  of  the  shaft  is  provided  a  solid  boss,  k,  and  ajsi) 

this  bears  a  cast-iron  plate,  p,  in  which  are  inlets,  d  d,  fw  a 

passage  of  air.    The  core  is  held  between  pand  a  similar  end-pte 

R,  which  is  secured  by  a  steel  nut,  n,  screwed  on  to  the  4t. 

FiQ.  1S3.  The  ventilation  is  thus  most  ift 

clent,  for  the  air  can  enter  thnot 

each  end-plate  by  openings  simi 

to  D,  and  find  its   way  alcffig  a 

spaces,  s,  between  the  hubandoe 

.   plates,  leaving  by  the  openings  b- 

I  tween    the   rigid  plates  prenw» 

referred  to. 

Before  being  wound  the  am* 
turned  in  a  lathe  to  obtain  a  pff 
fectly  cylindrical  and  smooth  sf 
face.  At  intervals  round  the  ^lidr 
plates  there  are  projections,  which  serve  to  drive  the  ox&sX . 
and  prevent  its  being  stripped.  These  projections  are  shc« 
on  the  middle  pair  of  plates  in  fig.  181,  and,  in  addition  to  tbff 
horns,  the  completed  armature  is  bound  round  in  several  ptu^ 
with  thin  strong  wire  which  effectually  overcomes  any  to^a^ 
towards  bulging  or  stripping. 

There  are  204  active  conductors  round  the  periphery  of  fli 
armature,  each  consisting  of  a  straight  strip  or  bar  of  c 
0*0215  ^1-  ill-  'ii  sectional  area,  insulated  with  a  double  c 
covering.  They  project  to  different  distances  over  the  edged 
the  core,  and  are  soldered  to  the  ends  of  peculiariy  stuped  o 
strips  which  form  the  cross  connections. 

One  of  these  connecting  strips  is  shown  in  fig.  184. 
stamping  of  sheet  copper  and  forms  almost,  but  not  quite,  a  ft— ^ 
circle,  because  it  is  required  to  extend  round  the  end  of  Ai 
armature  just  far  enough  to  connect  two  bars  which  are  ahnosti^ 
opposite  extremities  of  a  diameter.  The  cotmector  is  [dacedBiV 
its  plane  parallel  to  the  plane  of  the  core  discs,  and  the  1*0  aJ 
end-pieces  or  tags,  et,  are  bent  round  at  the  put  shown  by  V 
dotted  lines  until  theyare  at  right  angles  to  the  odier  ponJOQ  of  t^ 
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Fic.  184. 


Strip.    The  ends  of  the  two  conductors  which  are  to  be  joined  toge- 
ther are  soldered  to  these  pieces  (ee).      In  fig.  181  the  conductor 
A  is  connected  to  the  tag  e.     Each  section  of  the  armature  consists 
of  two  convolutions,  that  is,  four  active  conductors,  and  the  cross- 
connectors  occupy  a  comparatively  small  space,  a  section  through 
the  whole  of  them  being  shown  at  l  u    Over  the  shoulder  of  each 
end-plate  is  fixed  a  cast-iron  ring,  t,  with  a  wide  deep  groove  in 
which  the  connectors  are  placed,  each  well 
insulated  by  being  over-wound  with  tape 
treated  with  shellac  varnish.     There  are 
fifty-one  bars  in  the  commutator,  and  the 
method  of  holding  them  in  position  is  shown 
in  the  longitudinal  section.   They  have  two 
square  notches,  into  which  fit  rings  of  hard 
vulcanised  fibre,  the  sections  through  which 
are  shown  black  in  the  figure,  and  it  will  be 
observed  that  there  is  a  deep  groove  on  the 
outer  side  of  each  ring.   A  gun-metal  sleeve 
is  keyed  on  to  the  shaft,  one  end  fitting 
into  die  groove  of  one  insulating  ring,  while 
a  thread  is  cut  round  the  other  end  for  a 
nut,  which,  when  screwed  up  home,  presses 
a  gun-metal  ring  into  the  groove  of  the 
other  fibre  ring.     The  commutator  bars  are 
insulated  fi'om  each  other  by  mica,  and 
each  brush  is  divided  into  two  indepen- 
dently adjustable  parts,  this  being  a  better 

arrangement  than  one  wide  brush,  which  would  probably  wear 
unevenly  and,  in  consequence,  cause  a  considerable  variation  in  the 
amount  of  surface  contact.  The  sectional  view  also  shows  the 
manner  in  which  the  rocking  bar  is  carried  round  a  groove  at  the 
end  of  the  cast-iron  standard,  and  the  fixing  of  the  horizontal 
bnish  spindles,  which  are  insulated  from  the  rocking  bar  by  hard 
wood  collars.  Various  other  mechanical  details  are  set  forth  in  the 
drawings,  but  perhaps  it  should  be  mentioned  that  the  radial  lines 
round  the  outer  edge  of  the  armature  in  fig.  182  indicate  the  edges 
of  the  small  pieces,  e  e^  of  the  connectors. 

This  madiine    is    shunt-wound,  and,   when    driven  at  680 
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revolutions  per  minute,  develops  an  e.m.f.  of  120  vote,  la 
maximum  output  being  1 2,000  watts.  The  resistance  of  the  n 
mature  when  cold  is  0*045  ^^^  ^^<1  of  the  shunt  cchIs  40*9  ofaiit 

The  sectional  area  of  the  iron  in  the  armature  cotc  is  585^ 
in.,  and  the  maximum  magnetic  induction  through  it  is  20  Ka;^ 
lines,  while  the  sectional  area  of  each  limb  of  the  field-magnets 
67*5  sq.  in.  and  the  magnetic  induction  through  them  12  Y^ 
lines. 

The  unit  of  magnetic  induction  here  referred  to  was  introduce 
by  Mr.  Kapp,  who  considered  it  more  suitable  for  practical  fr 
poses  than  that  based  on  the  cg.s.  system*  One  Kapp  Unci 
equal  to  6,000  cg.s.  lines,  and  the  unit  of  area  is  taken  as  :k 
square  inch  instead  of  the  square  centimetre.  This  depaitcres 
perhaps,  in  some  respects,  unfortunate ;  but  the  method  «i 
probably  survive,  as  it  is  already  used  by  the  majority  of  Yjb^ 
manufacturers.  The  conversion  from  one  system  to  the  other  cs^ 
of  course,  be  accomplished  without  much  labour,  remembff¥ 
that  one  square  inch  contains  about  6*45  square  centimetres. 

Therefore  the  magnetic  induction  through  the  armature  * 
above  referred  to  is  about  18,600,  and  that  through  the  aii^ 
magnet  11,100  cg.s.  units. 

Many  forms  of  dynamo  machines  have  been  introdooedV 
Mr.  Edison.  In  some  of  the  earlier  ones  the  field-raagnes  c* 
sisted  of  a  number  of  straight  electro-magnets  of  drcokr 
divided  into  two  sets,  terminating  in  a  pair  of  massive  pde-psi 
between  which  the  armature  revolved.  This  form  of  c 
was  essentially  bad,  on  account  of  the  large  amount  of 
quired  as  compared  with  the  mass  of  iron  in  the  cores^ 
most  economical  form  in  this  respect  is  a  single  circular 

Since  the  laws  which  govern  dynamo  construction  have 
better  understood,  Edison's  field-magnets  have,  of  couis^ 
provided  with  single  massive  cores ;  but  in  England  the 
provement  made  on  the  machine  was  due  to  !>. 
in  fig.  185  is  illustrated  the  latest  form  of  the  'Edison-H 
dynamo.     It  differs  from  the  machines  already  described  ia 
the  armature  is  placed  at  the  lower  ends  of  the  field-magnet 
an  arrangement  which  at  one  time  was  frequently  em^^ycd 
which  has  the  disadvantage  that  the  iron  bed-plate  more  0? 
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ignetically  short-circuits  the  polepieces,  and  affords  a  path 
rough  which  some  of  the  lines  of  force  ieak,  instead  of  passing 
rough  the  armature.  On  the  other  hand,  there  is  the  advantage 
at  the  centre  of  gravity  of  the  moving  parts  is  kept  low,  thus 
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reduced  by  interposing  a  massive  slab  of  zinc  between  the  pii 
pieces  and  bed -plate,  as  in  fig.  185.  We  will  endeavour  presais 
to  see  to  what  extent  this  is  successful. 

Each  of  the  circular  field-magnet  cores,  together  with  itspd 
piece,  is  a  single  forging  of  wrought-iron ;  the  yoke  is  alw' 
wrought-iron,  rectangular  in  shape  and  very  massive ;  it  is  seco 
to  the  cores  by  two  bolts,  and  great  care  is  taken  to  make  thefl 
faces  in  contact  fit  truly,  so  as  to  avoid,  as  far  as  possibly  i 
introduction  of  any  magnetic  resistance.  The  armaturNi 
bearings  are  carried  by  short  cast-iron  standards  bolted  on  to  i 
bed-plate.  The  armature  is  drum-wound,  and  its  core  is  buii 
of  thin  discs,  insulated  with  paper,  and  threaded  on  to  the  4 
shaft.  Two  thick  stiff  end-plates  hold  the  core-discs  in  posi 
one  bearing  against  a  washer  which  is  shrunk  on  to  the  sll 
while  the  other  is  driven  up  tight  by  a  large  nut  There  are  il 
sections  in  the  armature,  each  of  one  convolution,  and  the  a 
ductor  consists  of  thick  copper  bars,  the  cross-connections  be| 
made  with  stiff  copper  strips.  These  strips,  the  outer  set  of  lii 
can  be  seen  in  the  figure,  are  led  round  spirally  to  the  s^gaii 
of  the  40-bar  commutator  in  such  a  manner  that  a  coil  i* 
plane  is  vertical  is  connected  to  segments  which  lie  near  the  ii 
zontal,  and,  consequentiy,  the  diameter  on  which  the  bnishs  i 
set  is  nearly  parallel,  instead  of  at  right  angles,  to  the  direriff^ 
the  lines  of  force  through  the  armature. 

The  machine  illustrated  is  shunt-wound,  the  wire  ccc^od 
the  field-magnet  coils  being  rectangular  in  section,  thus  redad 
the  waste  space  between  the  adjacent  convolutions.  The  tenaflU 
of  the  machine  are  fixed  on  the  pole-cheeks,  and  the  maikdd 
ference  in  the  size  of  the  massive  conductor  which  cames  I 
whole  current  from  the  brush-bar  to  the  terminal,  compared  li 
the  thinner  shunt  wire,  will  be  observed.  WTien  driveQ  as  | 
revolutions  per  minute,  this  machine  is  capable  of  derdcil 
52,500  watts  (105  volts,  500  amperes),  and  on  account  of  tk 
tremely  low  resistance  of  the  armature,  it  is  practically  self 
lating  through  a  considerable  range.  Each  brush  is  divided 
five  sections,  all  adjustable  independently,  and  by  this 
sufficiently  large  bearing  surface  upon  the  commutator  is 
without  introducing  any  difiliculty  in  compensating  for 
wear,  such  as  would  arise  if  one  undivided  brush  were 
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This  type  of  dynamo  is  additionally  interesting  from  the  fact 
t  it  has  been  carefully  studied  and  tested  by  the  Drs.  Hopkin- 
I,  the  resuks  having  been  published  in  various  papers.  The 
ect  vas  (a)  to  endeavour  to  gain  such  infonnation  as  would 

ble  the  performance  of  a  dynamo  to  be  predicted,  when  its 
^guration  and  the  various  dimensions  and  qualities  of  the 
■jeriaX  employed  (especially  the  iron)  are  known  ;  and  therefore 

to  enable  any  machine  desired  to  give  certain  results  at  a 
ain  speed,  to  be  designed  with  the  greatest  accuracy. 
We  know  that  in  every  machine  the  magnetising  force  required 
develop  the  field  in  which  the  armature  rotates  is  always  in 
;ss  of  that  usefully  employed  ;  or,  in  other  words,  more  lines  of 
X  are  generated  than  actually  pass  through  the  armature  core, 

difference  being  caused  by  leakage  at  various  points. 

We  will  briefly  describe  one  portion  of  the  experiments  with 

view  of  enabling  the  student  to  better  judge  of  the  amount 

locality  of  such  leakage  in  any  given  machine. 
The  portion  of  the  experiments  referred  to  consisted  in  the 

place  of  determining  exactly  the  ratio  of  lines  of  force  actually 


sfated,  to  the  lines  passing  through  the  armature  core.  This 
t  will  of  course  always  be  greater  than  unity,  and  may  be 
>Ced  by  f. 

Ita  fig.  i86,  a  machine  with  rectangular  cores  is  shown  in 
'on,  and  lines  of  force  are  sketched  to  roughly  indicate  the 


340  Electrical  Engineering  c^  l 

principal  paths  of  the  leakage.  Some  of  the  lines  pass  direcj 
from  one  limb  to  the  other,  others  leak  out  of  the  yoke  to  vt 
pole-pieces,  while  many  pass  through  the  arched  slabs  of  at 
(on  which  the  pole-pieces  rest),  down  into  the  iron  bed-plate. 

We  have  previously  mentioned  that  it  is  possible  to  coib?« 
the  number  of  lines  of  force  cutting  or  cut  by  a  coil  of  wiR» 
two  or  more  given  fields,  by  placing  a  galvanometer  in  dK 
with  the  coil  and  observing  the  deflections.  As  the  resofc^ 
E.M.F.  is  usually  comparatively  low,  the  galvanometer  mus  I 
a  delicate  one,  and  it  is  usual  to  employ  one  in  which  a  ^ 
strongly  magnetised  needle  is  suspended  by  a  silk  fibre  \ss^^ 
coil  of  many  turns,  the  deflections  of  the  needle  being  made  aj 
dent  by  the  movement  of  a  beam  of  light  reflected  on  to  a  3af 
by  a  small  mirror  fixed  to  the  magnet  But  in  such  a  test  a  ( 
necessary  that  the  needle  shall  not  begin  to  move  or  changt* 
position  until  the  whole  of  the  brief  current  has  actually  psi^ 
through  the  coil,  and  it  is  preferable  to  make  the  needk  « 
and  somewhat  heavy,  avoiding  as  far  as  possible  the  in 
of  any  damping  effect.  The  number  of  divisions  on  the  scak 
veiled  over  by  the  beam  of  light  may  then  be  taken  as  propo; 
to  the  E.M.F.  developed,  and  therefore  to  the  number  of  i 
of  force  cut.  , 

In  the  experiments  under  notice  a  current  of  5  "6  ampeie>^ 
maintained  through  the  field-magnet  coils,  from  a  batten;  i 
armature  being  disconnected.  A  single  convolution  of  wire  4 
then  wound  round  the  middle  of  one  limb  as  at  b,  the  ends  of  a 
wire  being  joined  to  an  instrument  such  as  that  just  referred  i 
and  known  as  a  ballistic  galvanometer.  The  needle  being  ai  n 
the  field-magnet  coils  were  short-circuited,  thus  suddenly 
ping  the  current  in  them,  and  the  lines  of  force,  in  collapsiz^ 
the  single  turn  of  wire  and  induced  a  current  therein, 
passing  through  the  galvanometer,  deflected  the  beam  of  Ii| 
a  momeiU.  The  needle  having  again  settled  itself  steadily  as 
the  short-circuiting  connection  was  removed,  thus  onoe 
suddenly  passing  the  current  through  the  magnet  coils.  The 
of  force  in  springing  outwards  again  cut  the  single  coil, 
current  which  deflected  the  needle  to  an  almost  equal 
in  the  opposite  direction  to  that  produced  by  the  first  cuntnt 
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5  case  the  mean  of  the  two  deflections  was  264  divisions,  which, 
peering  the  small  amount  of  residual  magnetism,  may  be  taken 
proportional  to  the  induction  in,  or  the  number  of  lines  of  force 
sing  through,  the  field-magnet  limb.  The  next  step  was  to 
2nnine  what  proportion  of  these  lines  passed  through  the 
ature,  which  was  of  the  drum  type,  each  coil  consisting  of  one 
volution  only. 

The  wires  leading  from  the  galvanometer  were  soldered  one  to 
\  of  two  adjacent  commutator  bars,  and  the  armature  placed  so 
the  plane  of  the  coil  connected  to  those  bars  lay  at  right  angles 
le  lines  of  force. 

Hie  field-magnets  were  excited  as  before  by  a  current  of 
imperes,  and  the  deflection  noticed  first  when  the  current  in 
ft  was  stopped  by  short-circuiting,  and  again  when  the  current 
Knt  round  them  a  second  time,  so  as  to  suddenly  withdraw  lines 
•ce  from,  and  then  to  thrust  them  through  the  armature  core, 
mean  of  these  two  deflections  was  200  divisions,  and  therefore 

Induction  through  field-magnets       264 

Induction  through  armature         ""  200  ~     ^    ""  ''' 

t  is  to  say,  24*24  per  cent,  of  the  total  number  of  lines  of 
:  generated  failed  to  reach  the  armature  core  owing  to  leakage. 
(High  this  method  does  not  give  us  the  actual  number  of  lines 
nrce  in  ccs.  units,  it  nevertheless  gives  the  proportion  cor- 
fy  and  in  these  experiments  the  number  passing  through  the 
ture  was  estimated  in  ccs.  units  by  running  the  machine 
known  speed  and  measuring  the  resulting  e.m.f.  without 
ing  a  current  to  pass  through  the  armature  and  distort  the 
Then  the  actual  number  of  lines  in  any  other  part  of  the 
letic  circuit  could  be  found  by  simple  proportion.  Having 
Q  that  24*24  per  cent,  of  the  lines  of  force  were  lost  by 
ge,  the  next  step  was  to  localise  that  leakage,  that  is,  to 
ver  at  what  points  it  occurred.  This  time  the  galvanometer, 
;  less  sensitively  adjusted,  gave  a  mean  deflection  of  115 
ons  with  one  turn  round  the  middle  of  one  limb,  when  a 
Qt  of  5 '6  amperes  through  the  field-magnets  was  suddenly 
d  and  stopped  as  before.  Four  convolutions  were  then 
d  round  the  bed-plate  directly  under  the  armature  shaft,  and, 
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the  current  being  stopped  and  started  in  the  iield-magDets,ik 
galvanometer  indicated  a  mean  deflection  of  50*25  divisioifi,(i3e 
to  the  lines  of  force  which  leaked  through  the  bed-plate  and  ai 
the  four  convolutions  wound  round  it  Four  turns  were  empM 
in  order  to  get  a  fairly  high  deflection.  The  induced  elilf.  ba% 
however,  four  times  that  which  would  be  obtained  with  ooeti^ 
it  becomes  necessary,  to  enable  this  result  to  be  compared  «l 
the  previous  one,  to  reduce  it  to  the  value  of  one  convoidi^ 
thus  : 

^      ^-=12*6  divisions,  nearly. 
4 

The  leakage  through  the  space  between  the  field-magnet  ^ 
was  measured  with  a  coil  of  ten  turns  wound  on  a  square  M 
and  by  a  similar  calculation  was  found  to  be  proportional  to  q( 
divisions  with  one  convolution. 

The  horns  of  the  opposite  pole-pieces  approach  caA 
both  above  and  below  the  armature  to  within   12-7 
the  depth  of  each  being  8  centimetres.    The  leakage  aaos 
of  these  gaps  was  found  to  be  i  "6  divisions,  or  3-2 
the  two.     Reducing    these  losses   to  percentages  of  the 
induction,  we  have 

The  leakage  through  the  zinc  plate  and  1   

iron  base       .         .         .        •          J  ^1*=^ 

The  gaps  between  the  horns  account  for  2*8      „ 

And  the  area  betw^een  the  limbs    .  7-0      ., 

Making  a  total  loss  accounted  for          .  20*1       „ 

Out  of  an  observed  loss  of   .        .        .  24*24    ,, 

The  leakage  through  the  shaft  and  from  pole-piece  to 
one  pole-piece  to  the  other  by  exterior  lines  will  accoiiDtio 
remainder. 

This  ratio,  v,  will,  of  course,  vary  slightly  with 
citing  currents  in  the  field-magnet  coils,  especially  when 
approaches  the  saturation  point,  because,  the  penneabiii^' 
iron  decreasing  with  the  induction  through  it,  while  that  of; 
remains  constant,  the  proportion  of  leakage  will  be  grestcL 

These  experiments  constituted  the  first  definite 
discover  the  extent  and  the  locality  of  the  leakage  of  lines  dX 


^v.  X.  Magnetic  Leakage  343 

^^oierated  by  the  current  in  the  field-magnet  coils,  and  it  will  be 
»^^en  that  almost  a  quarter  of  the  power  spent  for  the  purpose  of 
dk^veloping  the  field  in  this  particular  case  was  wasted.  The 
^2Lr-ge  proportion  of  the  leakage  for  which  the  bed-plate  accounts 
BiYkOws  the  great  advantage  pertaining  to  the  inverted  horse-shoe 
foxTQ  of  field-magnet.  It  is  to  be  regretted  that  the  other  types  of 
li^d-magnet  which  are  now  extensively  employed  have  not  been 
subjected  to  similar  experimental  examination,  but  a  study  of 
t:Hese  experiments,  together  with  those  made  in  connection  with 
tiie  machine  next  to  be  described,  should  enable  the  student  to 
make  a  very  fair  estimation  in  any  ordinary  case. 

It  would,  for  instance,  be  safe  to  predict  that  for  a  given 

magnetic  saturation   of  the  iron,  comparatively  litde   magnetic 

leakage  would  take  place  with  the  machine  depicted  in  fig.  175, 

for  the  brackets  are  made  of  gun-metal,  and,  excepting  the  shaft, 

there  is  practically  no  magnetic  metal  employed  which  would  tend 

to  increase  the  leakage.     In  this  respect  this  machine  is  probably 

the  best  of  any  we  are  acquainted  with  ;  but  we  may  again  remark 

that  the  amount  of  leakage  also  depends  largely  upon  the  degree 

of  saturation  of  the  iron,  and  upon  the  magnetic  resistance  of  the 

whole  magnetic  circuit.     On  the  other  hand,  it  would  be  false 

economy  to  make  the  leakage  extremely  low,  if  the  extra  expense 

incurred  in  so  doing  were  out  of  proportion  to  the  cost  of  the  power 

which  would  otherwise  be  wasted  in  the  generation  of  the  field. 

The  *  Manchester '  dynamo,  made  by  Messrs.  Mather  &  Piatt, 
is  illustrated  in  fig.  187.    The  arrangement  of  the  field-magnets 
differs  somewhat  from  that  in  the  machines  hitherto  described. 
Two  electro- magnets  are  fixed  vertically  with   their  like  poles 
uppermost,  the  similar  poles  being  in  each  case  joined  together 
by  massive  iron  yokes,  shaped  as  shown,  so  as  to  form  the  pole- 
pieces  between  which  the  armature  rotates.    The  lines  of  force 
due  to  the  field-magnet  coils  are  thereby  provided  with  an  easy 
path  for  completing  their  respective  circuits,  and  an  intense  field 
is  projected  through  the  armature.     The  vertical  members  of  the 
field-magnets  are  of  wrought-iron,  let  into  the  horizontal  yokes, 
which,  being  of  cast-iron,  have  about  twice  the  sectional  area  of  the 
cores.   The  lower  casting  is  extended  on  both  sides  so  as  to  form  the 
bed-plate  of  the  machine,  and  the  centre  of  gravity  of  the  moving 
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pans  being  low,  it  is  comparatively  easy  to  rigidly  fix  the  maduw 
in  order  to  obtain  great  steadiness  in  running. 

The  shaft  carrying  the  armature  is  made  of  Bessemer  sKd, 
the  bearings  being  of  gun-metal,  and  a  free  space  along  the  duK 
is  provided  to  admit  air  for  ventilating  the  amiature.  Wboi  driia 
at  1,100  revolutions  rer  minute,  the  machine  illustrated,  whkiis 


compound -wound  to  maintain  a  potential  difference  of  100  volis, 
is  capable  of  generating  a  current  of  80  amperes  or  a  nmximuni    . 
(ratput  of  8,000  watts. 

The  commutator  in  all  dynamos  of  this  type  consists  of  fMl)    I 
bars  of  hard-drawn  copper  insulated  with  mica,     Eachann  of  Af 
rocking-bar  carries  two  brushes,  each  brush  being  independenlfy    | 
adjustable  for  the  reasons  already  explained.     The  diameter « 
commutation  with  machines  of  this  class,  in  which  the  diiecwn     | 
of  the  lines  of  force  through  the  armature  is  vertical,  approiinai© 
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to  the  horizontal,  and  this  position  in  the  Manchester  machine  is 
more  nearly  approached  in  consequence  of  a  peculiarity  in  the 
curvature  of  the  pole-pieces.  Instead  of  the  polar  surfaces  being 
made  concentric  with  the  armature,  they  are  struck  from  a  radius 
greater  than  that  from  the  centre  of  the  shaft,  so  that  the  pole- 
pieces  are  brought  slightly  nearer  the  armature  at  points  opposite 
the  extremities  of  its  vertical  diameter.  The  lines  of  force  are 
therefore  more  concentrated  at  these  places,  which  reduces  the 
distortion,  and,  increasing  the  activity  of  the  most  active  or  vertical 
coils,  decreases  that  of  those  near  the  neutral  point 

The  armature  is  of  the  ring  type,  the  core  consisting  of  the 
usual  thin  iron  discs  clamped  between  the  ends  of  a  gun-metal 
frame.  The  arms  of  this  frame,  which  fit  into  slots  in  the  discs, 
are  free  of  the  shaft,  so  that  a  clear  space  for  ventilation  is  re- 
tained. The  end-plate  nearest  the  commutator  is  keyed  to  the 
shaft,  while  the  other  is  held  up  tight  against  the  plates  by  means 
of  a  nut.  The  wire  is  wound  in  forty  pairs  of  coils,  the  resistance 
from  brush  to  brush  being  0*084  ohm. 

The  shunt  coils  on  the  field-magnet  have  a  resistance  of 
41*5  ohms,  and  the  series  coils,  which  are  wound  outside  the  shunt 
coils,  have  a  resistance  of  0*049  ohm. 

The  gross  weight  of  the  machine  is  10 J  cwt. 
The  brothers  Hopkinson  also  made  on  this  machine  some 
experiments  similar  to  those  already  described,  and  we  may  briefly 
refer  to  the  simpler  of  the  experiments  which  show  the  percentage 
and  the  locality  of  the  leakage  of  the  lines  of  force.    Fig.  188  gives 
an  outline  of  the  machine,  and  shows  the  various  positions  of  the 
testing-coils.     As  in  the  other  experiments,  the  armature  was  dis- 
connected, and  a  constant  current  obtained  from  an  independent 
source  to  magnetise  the  field-magnets,  the  lines  of  force  being 
made  to  cut  the  testing-coil  by  suddenly  starting  and  stopping  the 
current  in  the  field-magnets,  and  the  mean  of  the  two  observed 
deflections  of  the  ballistic  galvanometer  calculated  as  before.     In 
the  first  experiment  four  turns  were  taken  round  the  middle  of 
one  limb  at  a  a,  and  the  mean  deflection  was  observed  to  be  214 
divisions.     But  as  with  a  single  turn  of  wire  only  one-fourth  of 

this  would  have  been  obtained,  -i^  =  53*5  represents  the  total  in- 
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duction  through  the  field-magnet  cote  in  tenns  of  the  afamf 
unit  here  assumed.  But  an  equal  number  fA  lines  pass  throD^ 
the  other  vertical  limb  ;  therefore,  the  total  induction  throi^  ^ 
field-magnet  cores,  as  shown  by  this  first  measurement,  iiu[ic 
represented  by  107. 

The  coil  was  then  raised  to  B  B,  where  the  mean  deflection  re 
206,  or,  for  a  single  turn, =  51-5,  [or  loj  for  the  two  linii 

and  the  mean  of  these  two  results — viz.  105 — was  taken  as  Ac 
mean  induction  in  the  field-magnet  cores. 

Three  turns  were  wound  round  the  armature  atcc,  iriwc 
the  deflection  obtained  was  121  divisions,  or,  for  one  turaonsf, 


=  74,  which  represents  the  total  induction  through  the  ^a« 


occupied  by  the  armature.  But  we  know  that  in  a  Gramme  nng 
a  certain  number  of  lines  pass  diametrically  across  instead  a 
round  the  armature  core,  which  number  becomes  greater  wbeo 
the  iron  is  so  saturated  that  its  permeability  is  low — perh^  l"*^ 
even  than  that  of  the  shaft — and  the  next  experiment  sougbt » 
determine  the  waste  due  to  this  cause.  Four  turns  were  tafe" 
round  DD,  the  deflection  being  141,  or  3525  in  terms  ofoneeo^ 
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volution.  But  as  an  equal  number  of  lines  pass  through  the  other 
half  of  the  ring,  we  must  double  this,  getting  70*5  as  the  effective 
induction  through  the  core,  against  74  through  the  whole  armature 
space  and  105  through  the  field-magnets. 

At  EE  3975  divisions  due  to  one  convolution  were  obtained, 
and,  the  induction  being  the  same  on  the  other  side,  the  total 
induction  =  19'$' 

At  FF  the  result  was  higher,  being  4175,  or  83-5  for  both 
sides,  the  difference  being  caused  by  the  easier  path  at  the  bottom 
of  the  machine  offered  by  the  bed-plate  and  bearings,  and,  of 
course,  these  additional  lines  are  wasted. 

We  see,  therefore,  that  in  this  case  a  large  number  of  the  lines 
of  force  generated  are  wasted  ;  in  fact,  here 

^ lines  through  field-magnets  _  105  .  , 

lines  through  armature  core      70*5 

This  loss  is  partly  accounted  for  by  the  extension  of  the  lower 
yoke-piece  to  form  the  bed>plate  and  the  use  of  iron  supports  for 
the  bearings,  and  is,  no  doubt,  fully  compensated  for  by  advan- 
tages from  a  mechanical  point  of  view.  But  it  will  be  observed 
that  almost  5  per  cent  of  the  lines  passing  through  the  arma- 
ture leave  the  core  and  pass  diametrically  across  the  ring ;  this 
large  proportion  is,  in  a  great  measure,  due  to  the  fact  that 
induction  through  the  armature  core  was  very  high,  viz.  20,000 
C.G.S.  units. 

Another  form  of  double  horse-shoe  magnet  machine,  and  one 
which  differs  considerably  from  any  yet  described  in  several  im- 
portant mechanical  and  electrical  details,  is  that  constructed  by 
Messrs.  Laurence,  Paris,  &  Scott,  and  illustrated  in  fig.  189,  a 
section  through  the  machine  being  also  shown  in  fig.  190.  The 
field-magnets  are  of  cast-iron,  made  in  two  parts  firmly  bolted 
together  and  provided  with  flanges  to  hold  the  four  exciting 
coils,  the  lower  casting  having  additional  flanges  to  receive  the 
foundation  bolts.  The  armature  shaft  is  supported  by  cast-iron 
brackets  provided  with  gun-metal  bushes  and  bolted  to  projections 
from  the  lower  pole-piece.  The  pole-pieces  are  bored  out  circular 
to  form  the  armature  space.    The  armature  is  drum  wound,  but  is 
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furnished  with  teeth  projecting  between  each  of  the  a 
one  of  the  earliest  forms  of  armature  devised  by  Pacinodi,it 
these  projections  are  knon-n  as  Pacinotti  teelh. 

The  chief  objection  to  this  type  of  armature  core  e 


although  siiincofthe  iron  is  brought  nearer  '.he  field- 
its  uneven  surface  perturbs  the  magnetic  field,  keeping 
of  oscillation,  and  setting  up  eddy  currents  in  the 
poles.     But  in  the  machine  under  notice  this   e&a  u 
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«Iy  obviated  by  employing  a.  large  number  of  teeth  and  making 
listance  between  them  very  small,  so  that  the  oscillation  of  the 
is  very  slight — indeed,  practically  imperceptible.  One  section 
le  aimature  is  wound  in  each  slot,  which  is  just  wide  enough 
ike  a  single  insulated  wire,  and  deep  enough  to  hold  the 
ber  of  wires  in  each  section. 

n  the  armature  shown  in  fig.  190  each  section  consists  of  six 
alutions,  so  that  there  are  six  wires  in  each  slot.  If  the  slots 
made  too  deep,  some  of  the  lines  of  force  would  not  be  cut 
le  inner  wires  ;  in  the  present  case,  the  number  thus  missed 
y  small,  practically  none  being  lost  in  armatures  having  but 
.iims  in  each  section.  The  core  is  built  up  of  thin  discs 
ft  iron,  of  the  shape  shown  in  the  sectional  figure.    The 


;  holes  are  hexagonal,  and  the  plates  or  discs  are  thnradcd 
the  hexagonal  steel  shaft,  so  that  each  one  is  driven  direct 
iL  This,  added  to  the  fact  already  mentioned,  that  the  wire 
ind  in  deep  and  narrow  slots,  makes  the  armature  as  a  whole 
uiically  strong,  there  being  little  risk  of  a  sudden  stress 
ig  the  core  or  stripping  the  conductor  from  its  place.  There 
unusually  large  proportion  of  iron  in  the  core  ;  in  feet,  the 
of  the  space,  except  the  small  amount  taken  up  by  the  insu- 
material,  is  occupied  by  the  iron  plates  and  steel  shaft,  no 
mce  whatever  being  made  for  ventilation.  It  will  be  observed, 
rer,  that  a  large  amount  of  the  iron  core  (the  edges  of  the 
I  is  in  direct  contact  with  the  atr,  and  as  the  armature  rotates 
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the  heat  is  carried  off  by  convection,  thus  preventing  any  pet 
lise  in  temperature.  The  facility  afforded  in  this  way  for  tk 
dissipation  •of  the  heat  generated  in  the  core,  gives  to  » 
Pacinotti  ring  one  very  important  advantage.  The  commots^ 
-sections  or  bars  are  insulated  with  mica,  rings  of  asbestos  vk 
fibre  being  employed  at  the  ends  of  the  bars  to  insulate  tks 
from  the  clamping-nut  and  washer  by  which  they  are  hdd  *- 
position. 

When  the  machine  is  compound  wound,  the  series  tuns  •& 
usually  wound  on  the  top  magnet  cores.  Should  the  ser^  <i 
not  occupy  the  whole  of  the  wire-space,  it  is  filled  up  with  a  po- 
tion of  the  shunt  wire,  which  also  occupies  the  whole  of  the  3^*1' 
on  the  lower  magnet  cores. 

For  large  machines,  sheet  copper,  insulated  with  strips  of  caki 
is  used  for  the  series  winding. 

The  following  details  concerning  one  of  these  machines,  vet 
recently  constructed  to  give  12,000  watts  at  an  E.M.F.  of  100  Wfj 
when  driven  at  710  revolutions,  will  be  of  service. 

The  armature  is  wound  in  fifty-two  sections,  each  of  two  cai 
volutions,  so  that  there  are  fifty-two  bars  in  the  commutata  *l 
two  wires  in  each  slot.  The  sectional  area  of  the  cast-iroQ 
magnet  cores  is  considerably  greater  than  that  of  the 
core,  the  former  being  98  and  the  latter  297  square  inches, 
maximum  magnetic  induction  through  the  armature  core  is 
23  Kapp  lines  per  square  inch,  or  about  21,000  c.g.s 
square  centimetre. 

The  armature  conductor  is  of  braided  wire,  very 
insulated  from  the  core  and  from  the  adjacent  wire  in 
slot,  and  the  current  density  in  the  conductor,  with  120 
is  3,210  amperes  per  square  inch. 

The  series  winding  on  each  of  the  top  limbs  consists  of 
eight  turns  of  sheet  copper,  4*5  inches  wide  and  0*025 
having  a  resistance  of  o"oi24*,  and  giving,  with  the 
current,  3,360  ampere  turns. 

The  resistance  of  the  shunt  coils  is  32'4*   the  anqxfe-r 
with  the  potential  difference  of  100  volts,  being  6,468. 

We  may  from  the  above  easily  determine  the  number  of 
•expended  in  the  various  parts  of  the  circuit,  remembering 
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}unt  developed  in  the  external  circuit  when  the  maximum 
rent  is  being  obtained  will  be  ec=ioox  120^12,000 
ts.    Thus, 

Shunt   coils       3a"4",  watts  lost  with  100  volts       =  308 
Series      „     0'oi24",      „  „         120  amperes  =  178 

Armature,,       0045",      „  „         120      „        =648 

Fig.  191  illustrates  the  'Trade'  dynamo  of  Messrs.  Crompton 
!o.    It  is  somewhat  similar  to  the  Manchester  dynamo,  and  to 


just  described,  in  that  it  consists  of  a  double  electro- magne I, 

fnce  being  that  it  is  fixed  vertically  instead  of  horizontalU . 
-magnet   cores  are  of  annealed  wrought-iron,  and   are 
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fixed  by  bolts  and  nuts  to  the  cast  iron  bed-plates.  The  col  Ts:t 
wound  on  four  bobbins,  and  connected  in  such  a  manner  that  tbc 
two  coils  on  the  same  magnet  limb  have  their  similar  poles  ad- 
jacent, the  pair  on  the  one  side  having  their  north  poles  and  ts, 
on  the  other  side  their  south  poles  adjacent,  so  that  the  lines  a 
force  pass  horizontally  through  the  armature  from  and  into  tim 
portions  of  the  vertical  limbs  between  the  coils,  which  portiH 
therefore  form  the  pole-pieces. 

This  machine  is  furnished  with  a  ring  armature,  in  whid-  cv 
iron  discs  are  insulated  by  varnished  paper,  the  built-up  cat 
being  dried  in  an  oven  before  the  conductor  is  wound  wrei, 
The  steel  shaft  has  four  longitudinal  grooves,  into  which  fit  laci 
bars  of  aluminium  tronze,  their  length  along  the  shaft  being  eqdj 
to  the  length  of  the  core.  The  outer  ends  of  these  bars  dofresi 
into  notches  in  the  discs.  The  conductor  is  of  rectangular  cooah 
covered  wire,  wound  in  one  layer  on  the  outer  circumference,  1* 
in  two  layers  over  the  inner  face  of  the  core,  which,  besides  ba| 
smaller,  is  partly  occupied  by  the  radial  driving  bars.  I 
steel  wedges  project  at  intervals  from  the  core,  to  drive  the 
ductor  on  the  outer  circumference,  and  the  armature  is  also 
over  with  thin  tinned  steel  wire  to  prevent  bulging.  The 
are  of  stencil  copper,  carried  on  a  gun-metal  spindle  which  il| 
insulated  by  a  fibre  collar  from  the  cast-iron  rocking-bar. 

We  have  remarked  that  it  is  not  possible  in  practice  to  ^csai 
pound  '  a  machine  to  give  a  constant  current,  in  the  same  mirad 
that  a  constant  potential  can  be  maintained.  Hence  a  variety  i^ 
other  devices,  mostly  mechanical,  have  been  suggested  for  tai^ 
purpose,  one  of  which  has  already  been  described,  and  wt  *i| 
now  direct  attention  to  a  machine  designed  and  constructed  "^ 
Mr.  J.  G.  Statter,  to  maintain  a  constant  current  at  a  assai 
speed  when  the  external  resistance  is  varied  ;  or  when  the  speei 
varied  and  the  resistance  remains  unaltered ;  or  wiibm 
limits  when  both  speed  and  resistance  vary. 

When  an  armature  is  rotated  in  a  simple  field,  with  the  brc 
removed  from  the  commutator,  there  are  two  points,  at  oj^ssfl 
extremities  of  a  diameter,  at  one  of  which  the  potential  is* 
maximum  (positive),  and  at  the  other  a  minimum  (negatives 
it  is  at  these  points  that  the  brushes  should  be  set  in  onkr 


p.  X.  S tatter  Dynamo  353 

lin  the  greatest  difference  of  potential.  From  the  negative  to 
positive  brush  either  way  round  the  commutator,  the  potential 
lually  increases  in  value,  and  if  the  negative  brush  were  shifted, 
20*  forward,  it  would  touch  at  a  point  of  higher  potential,  and 
;equently  the  difference  between  the  two  brushes  would  be  re- 
jd.  A  like  reduction  would  follow  if  the  positive  brush  were 
ed  forward,  because  it  would  then  make  contact  at  a  point  of 
r  potential ;  and  in  the  third  case  the  difference  of  potential 
een  the  two  might  be  decreased  by  giving  them  simultaneously 
sater  angle  of  lead,  until  they  would  be  at  nearly  the  same 
atial  when  moved  through  an  angle  of  90®. 
t  follows  that  by  merely  shifting  the  brushes  the  potential 
cence  at  the  terminals  may  be  made  what  we  please  from  the 
mum  downwards,  and  this  method  might  be  employed  to  vary 
pressure,  and  therefore  the  current,  to  suit  the  requirements  of 
ircuit.  Thus  the  brushes  might  be  set  20°  ahead  of  their  normal 
[on  of  no  sparking — that  is,  where  the  difference  of  potential 
een  them  is  at  a  maximum—  and  then,  if  the  current  became 
trong,  the  brushes  could  be  shifted  yet  further  ahead,  thus  re- 
ig  the  potential  difference  and  also  the  current ;  while  by  mov- 
ie brushes  back  towards  their  normal  position,  the  current  could 
icreased  in  strength,  should  it  fall  below  the  desired  value. 
liis  would,  however,  be  impracticable  in  an  ordinary  dynamo, 
rcount  of  the  terrific  sparking  which  would  ensue  ;  and  one  of 
mncipal  features  in  Mr.  Statter*s  machine  is  the  method  by 
1  he  renders  it  possible  to  vary  the  lead  of  the  brushes  through 
tsiderable  angle,  without  causing  this  sparking. 
onfining  our  attention  at  present  to  the  case  of  ring  arma- 
>  it  will  be  remembered  that  when  a  coil  which  is  carrying  the 
»  of  the  current  generated  in  one  half  of  the  armature  is 
-circuited  hy  the  brush,  the  electro-magnetic  inertia  of  the 
due  to  its  self-induction,  prevents  the  instantaneous  cessation 
e  current ;  and  that  even  if  the  coil  is  commutated  at  the 
ent  when  its  plane  is  exactly  at  right  angles  to  the  field  and 
fore  in  itself  inactive,  yet  there  will  be  a  considerable  spark 
rd  by  what  we  may  term  the  self-induction  current  in  the  coil. 
this  reason  it  is  found  to  be  necessary  to  give  the  brushes  a 
::  extra  lead  so  that  the  coil  may  begin  to  cut  lines  of  force, 

A  A 
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and  have  induced  in  it  an  opposing  e.m.f.  sufficiently  ^roemi 
just  counteract  this  self-induction  effect,  and  stop  tiie  cuntc:  3 
the  coil  before  the  brush  leaves  its  commutator  bars.  Now  a 
weaker  the  field  the  greater  is  the  extra  lead  required  to  oca 
this  opposing  e.m.f.  The  extra  lead  also  increases  with  the  sdi 
induction  of  each  individual  coil,  while  in  the  case  of  some  ra 
tures,  having  but  one  or  two  convolutions  in  each  section,  .:• 
practically  nil 

It  must  be  remembered  that  this  extra  lead  is  not  due  ta  3 
distortion  of  the  field,  but  is  simply  required  to  prevent  the  ^ 
which  would  otherwise  result  from  the  self-induction  of  the  cai 
Neither  must  it  be  forgotten  that  if  the  current  is  kept  cocsa 
in  strength,  the  e.m.f.  thus  required  to  be  counterbakmoed  is  a 
same  whether  the  coil  is  short-circuited  at  lo®,  20*,  «  } 
ahead  of  the  normal  position.  In  an  ordinary  field  the  aict?.n^( 
the  coil  increases  with  such  rapidity  as  it  leaves  the  EuCJ 
position,  that  the  self-inductive  effect  is  more  than  balanced,  ^ 
there  is  a  remaining  e.m.f.  opposite  in  direction  induced  ir»l 
field  on  the  coil,  which  is  then  competent  to  cause  sparking,    i 

But  if  the  field  were  made  uniform  and  of  such  strength  a 
for  a  certain  distance  beyond  the  neutral  point— say  throi^l 
angle  of  40° — the  number  of  lines  cut  by  the  coil  at  any  pool 
in  that  angular  space  was  just  sufi5cient  to  counterbalaace  I 
E.M.F.  of  self-induction,  then  the  potential  difference  at  tbce&>i 
the  coil  throughout  that  range  would  be  «//,  and  no  spa'M 
would  ensue  if  it  were  short-circuited. 

This  is  Mr.  Statter's  method  :  and  in  order  to  allow  a  sc^ 
field  to  be  employed,  each  coil  contains  an  unusually  kuge  r^ 
ber  of  convolutions,  there  being  also  plenty  of  iron  in  theancaa^ 
so  that  a  strong  field  is  required  to  counterbalance  the  reall 
high  self-inductive  effect.  Portions  of  the  pole-pieces  ^A 
Siway  at  such  points  as  will  make  the  density  of  the  lines  dJ< 
entering  the  armature  over  a  given  angle  equal ;  and  the  m 
places  where  the  field  has  to  be  increased  or  reduced  in  sroi 
are  ascertained  by  experimenting  in  the  following  manner. 

A  series  machine  is  constructed  in  the  ordinary  wmv,  bi^ 
pole-faces  concentric  with  the  armature,  but  with  a  ntbcr  M 
number  of  convolutions  than  usual  in  each  armature  sectiun  W 
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peed  at  which  it  is  driven  is  kept  constant,  and  also  the  current, 
ay  at  lo  amperes,  when  the  effect  of  self-induction,  which  has  to 
le  balanced,  but  not  over- balanced,  will  be  constant  also.  The 
iret  step  is  to  find  out  what  is  the  activity  of  a  single  coil  at  the 
'arious  stages  of  its  circular  path,  and,  in  order  to  decide  this,  use 
j  made  of  a  set  of  apparatus  which  has  been  employed  for  dif- 
erent  objects  by  other  experimenters  with  good  results.  It  con- 
ists  of  a  voltmeter  of  the  requisite  range,  having  its  terminals 
Aached  by  flexible  wires  to  two  copper  strips,  which  are  fixed  at 
.  sufficient  distance  apart  by  pieces  of  insulating  material,  so  that 


their  ends  bridge  over  the  width  of  a  commutator  segment.  The 
^trangement  of  this  simple  apparatus  and  the  method  of  using  it 
^  indicated  in  hg.  192.  While  the  machine  is  running,  and 
sending  a  current  through  an  external  resistance,  the  exploring 
brashes,  as  we  may  term  them,  are  held  against  the  commutator, 
as  indicated  in  the  figure,  and  each  coil  as  tt  passes  the  point 
''Here  the  brushes  are  placed  is  connected  up  for  a  moment  to  the 
voltmeter,  which  indicates  the  electromotive  force  developed  in 
'lie  coils  while  passing  that  position.  The  exploring  brushes  are 
shifted  by  suitable  stages  round  the  whole  of  the  commutator,  and 
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le  deflection  of  the  voltmeter  noted  for  each  position.  The 
ssults  are  plotted  in  the  form  of  a  curve  (see  fig.  193),  the  dis- 
uices  along  the  horizontal  line  being  taken  to  represent  the 
ngular  distance  of  the  coil  from  the  zero  position  on  the  commu- 
ator,  while  the  vertical  distances  represent  the  e.m.f.  in  volts 
leveloped  by  one  coil  in  the  various  positions. 

The  curve  c  c  was  obtained  in  this  manner  when  the  main 
crushes  were  placed  in  the  normal  position,  the  lead  being  about 
10°.  The  results  obtained  in  passing  dawn  the  commutator  in  the 
iirection  of  rotation  are  plotted  above,  while  those  obtained  in 
passing  up  are  plotted  below  the  line ;  and  it  will  be  observed 
that  the  e-m.f.  at  the  extremities  of  each  coil  becomes  «//at  20° 
from  zero,  while  it  is  a  maximum  at  about  150°  from  zero. 

To  facilitate  comparison,  both  the  point  vertically  above  and 
that  vertically  below  the  centre  of  the  shaft  are  regarded  as  zero 
points. 

This  curve  having  been   obtained,  the  brushes  were  shifted 
forward  to  a  position  60°  from  zero,  and,  regardless  of  sparking, 
the  potential  difference  at  the  extremities  of  a  coil  in  all  the 
various  positions  was  again  measured.     Another  curve,  d  d  d,  was 
obtained  by  plotting  these  results,  and  it  will  be  observed  that,  at 
the  moment  a  coil  is  passing  under  the  main  brushes,  the  potential 
difference  at  its  ends  is  considerable.     This  potential  difference, 
which  gives  rise  to  the  sparking,  is  in  fact  proportional  to  the 
height  of  the  ordinate  l,  and  it  is  equal  to  the  excess  of  the  e.m.f. 
induced  in  the  coil  by  the  powerful  field  at  this  point  over  that 
momentary   e.m.f.  due  to  the  self-induction  of  the  coil  at  the 
moment  it  is  short-circuited.     It  is  clear,  then,  that  to  eliminate 
the  sparking  when  the  main  brushes  are  given  a  for^vard  lead  of 
60**,  the  strength  of  the  field  must  be  reduced  by  just  so  many  lines 
of  force  as  would  develop  an  e.m.f.  proportional  to  the  ordinate  l, 
and  then  the  e.m.f.  of  self-induction  and  that  being  induced  in  the 
coil  would  exactly  balance.     The  length  and  number  of  active  con- 
ductors in  each  coil,  and  also  the  speed  of  rotation  being  known, 
this  number  of  lines  of  force  can  readily  be  determined. 

The  main  brushes  were  next  given  a  lead  of  90°,  when,  as 
•T^ight  be  expected,  the  sparking  became  even  more  severe,  but  by 
means  of  the  exploring  brushes  and  voltmeter  the  curve  e  e  e  was 
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rapidly  obtained.  The  e.m.f.  in  excess,  which  at  this  positioc  of 
the  brushes  causes  the  sparking,  is  represented  by  the  ordinate  l 
which  gives  a  means  of  estimating  the  extent  to  which  it  is  ha 
necessary  to  reduce  the  strength  of  the  field.  About  ten  soi 
curves  were  obtained  with  the  brushes  in  various  positions  bet«ea 
20°  and  100®;  but  we  have  only  given  three  of  them  in  orda^  s 
avoid  a  complex  figure.  From  each  point  on  the  hoiizontii  \m 
corresponding  to  the  angular  distance  of  the  main  bmsbes  fit* 
zero,  a  perpendicular  is  erected  to  cut  the  curve  which  was  ofacazi^ 
with  those  brushes  in  that  particular  position  (as  we  have  obserwi 
L  and  K  are  such  ordinates),  and  by  joining  the  tops  of  the  vU 
of  the  ten  ordinates  the  dotted  curves  starting  at  20**  and  tenr 
nating  at  s  are  obtained. 

The  area  contained  between  one  of  these  curves  and  the  bon- 
zontal  line  affords  an  indication  of  the  amount  of  iron  which  shod! 
be  removed  from  the  corresponding  pole-face  in  order  to  weala 
the  field  to  the  desired  extent. 

But  since  the  very  act  of  increasing  the  distance  betwetai  iM 
pole-face  and  the  armature  core  at  one  point  increases  the  deaflf 
of  the  lines  of  force  at  another  adjacent  point,  the  areas  odIt  i^ 
proximately  represent  the  shape  of  the  cavity  required  in  the  pot 
face.  For  this  reason  the  curves  are,  in  practice,  simply  used»« 
guide  to  indicate  to  what  extent  the  field  requires  reduction  at  A* 
various  parts,  and  the  iron  is  removed  to  a  rather  less  extent  tJusi 
sufficient,  so  as  to  allow  a  margin  for  any  error.  Other  corves  fli 
then  obtained  by  means  of  the  exploring  apparatus,  and  a  secod 
approximation  to  the  final  result  is  arrived  at,  the  process  bes| 
again  repeated  if  necessary.  The  dotted  curve  f  was  obtair^d 
with  the  brushes  at  90''  after  the  pole-face  had  been  shaped,  rk 
shows  by  its  coincidence  with  the  horizontal  line  at  90°  thai  * 
sparking  took  place  with  the  brushes  in  that  position. 

One  method  of  modifying  the  field  is  to  cut  a  groove  b  ^ 
pole-face  parallel  to  the  shaft,  after  the  manner  shown  in  5g.  lA 
and  it  will  be  seen  that  the  outline  of  the  groove  appnuontfs 
somewhat  to  the  dotted  shaping  curves  in  fig.  193, 

The  desired  result  may,  however,  be  obtained  by  remoiiit::* 
iron  in  a  variety  of  ways,  such  as  boring  holes  in  the  poie-piea* 
or  even  by  using  iron  of  different  permeability. 
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We  have  here  considered  the  case  of  a  ring  armature  machine, 

D   which   the  maximum  number  of  lines  which  each  coil  can  at 

ny  one  time  embrace  is  only  half  the  total  number  passing  through 

be  core.      But  in  the  case  of  a  drum  armaiure  the  whole  of  the 

ines  can   at  once  be  embraced  and  cut  by  a  coil  during  half  a 

evolution  ;  it  is  therefore  only  necessary  to  'explore'  through 

rSo**  round  the  commutator,  and  plot  the  curves,  say  above  the 

ine,    to   obtain  one  shaping  curve.     This  will  indicate  approxi- 

tnately  the  amount  by  which  the  whole  field  must  be  reduced,  and 

the  whole  of  the  iron  may  be  removed  from  one  pole-piece,  or 

half  from  each,  as  in  fig.  192. 

In  this  manner,  then,  is  it  rendered  possible  for  the  brushes 
to  he  shifted  through  a  considerable  angle  in  order  to  vary  the 
potential  diflference,  and  consequently  the  current  strength,  without 
introducing  sparking.     It  now  remains  to  show  the  method  by 
which  the  brushes  are  automatically  moved  to  the  proper  position 
when  the  current  varies.     A  view  of  the  machine,  with  its  auto- 
matic regulator,  is  given  in  fig.  194.     In  this  particular  case,  two 
deep  groo\es  are  cut  in  each  pole-face,  but  they  do  not  extend  to 
the  pole-cheek,  so  that,  in  external  appearance,  it  is  similar  to  an 
ordinary  machine.     The  solenoid  shown  in  the  front  of  the  figure 
is  wound  with  thick  wire,  and  is  joined  up  in  the  main  circuit,  so 
that   the  whole  current  passes  through  it.     Inside  it  is  a  core 
capable  of  a  small  vertical  movement,  its  centre  being  below  that 
of  the  solenoid.     When  the  main  current  rises  above  its  proper 
value,  this  core  is  sucked  up,  and  throws  into  gear  a  simple  me- 
chanism which  increases  the  lead  of  the  brushes  and  so  reduces 
the  current ;  similarly,  a  reduction  in  the  current  strength  allows 
the  core  to  fall,  when  the  mechanism  is  reversed,  and  the  brushes 
recede  towards  the  zero  or  maximum  potential  position. 

The  bar  which  carries  the  brush-holders  is  placed,  as  usual, 
on  the  end  of  the  bearing  next  the  commutator,  the  collar,  how- 
ever, being  adjusted  and  the  bearing  oiled  so  that  the  bar  can 
rock  easily.  On  the  upper  part  of  the  collar  is  fixed  a  toothed 
segment,  which  gears  with  a  pinion  on  a  spindle  parallel  to  the 
main  shaft ;  the  other  end  of  this  spindle  carries  two  ratchet- 
wheels,  each  5^  inches  in  diameter,  but  with  their  teeth  set  in 
opposite  directions.     The  nearer  of  these  ratchet-wheels  can  be 
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seen  in  the  figure  ;  the  other  is  but  ^  inch  behind  it,  and  thet 
are  rigidly  fi\ed  together  liy  mi;ans  of  three  set  screws. 


Ilicsi;  whcil-s  iircrolaiud,  ihe  piniiin  at  the  other  end  of  ihespindk 
on  «liitl:  tlify  ari;  l"i\fd  communicates  the  motion  to  the  toothed 
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id  so  slightly  alters  the  lead  of 
vard,  according  to  the  direction 
ned. 

lar,  with  a  pawl  at  either  end^ 
;)ne  being  placed  directly  over 
While  the  other  gears  with  the 
is  running,  the  curved  bar  has 
Hon  through  a  small  angle,  by 
id  a  slot,  in  which  plays  a  pin 
he  main  shaft.  In  the  normal 
bar  moves  is  such  that  neither 
leel  directly  under  it,  but,  by 
the  other,  either  pawl  can  be 
wheel  at  every  pulsation, 
per  direction  by  the  movement 
re  being  attached  to  the  curved 
j^hen  the  current  becomes  too 
kvards,  that  pawl  is  thrown  into 
:e  brushes  a  forward  movement, 

igure,  can  be  seen  passing  right 
ird  to  it,  and,  in  fact,  forms  the 
wire  is  wound.  It  is  made  of 
:h  is  a  wrought-iron  tube  i^  in. 
enoid  is  6  inches  in  length,  and 
tentre  being  about  i  inch  below 
ay  is  limited  to  {\  inch,  so  that 
>  throw  the  pawls  in  gear, 
-kably  well  under  the  varying 
the  brushes  steadily  travelling 
little  sparking.  The  machine 
to  supply  a  constant  current  of 
ips  joined  up  in  series,  and  is 
linute.  Any  alteration  in  the 
;e  varies  the  external  resistance, 
'es  the  brushes  to  compensate 
mber  of  lamps  joined  up,  the 
lis  is  1,290  volts,  so  that  the 
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power  available  in  the  external  circuit  is  1 2,900  watts.  It  is  «nei 
wound,  the  resistances,  measured  when  the  wires  were  hat,  bei:^ 
armature,  879  ohms ;  field-magnets,  3-3  ohms ;  regulating  'tfit 
noid,  o'57  ohm.  There  are  sixty  commutator  bars,  and  i 
number  of  convolutions  in  each  section  of  the  armature  is  ftft>-t  c. 
The  magnetic  induction  through  the  armature  is  17  Kappb:«v 
or  rather  over  1 7,000  cg.s.  lines. 

An  interesting  machine  of  this  class  is  in  use  for  genera:/* 
the  current  for  the  Northfleet  Tramv^'ay,  where  the  motors  on  ik 
various  cars  are  placed  in  series,  and  the  power  required  Ti-Td 
rapidly  and  considerably,  while  the  current  must  be  kept  coni*-^ 
at  50  amperes.  The  maximum  e.m.f.  at  the  terminals  is  450  to> 
and  the  brushes  are  continually  travelling  backwards  and  forvroi 
the  sparking  being  hardly  noticeable. 

Another  type  of  dynamo,  manufictured  by  the  same  fim  t 
illustrated  in  section  in  fig.  195,  the  section  being  taken  veitafc 
through  the  spindle.  The  machine  is  designed  to  be  driven  drflS 
by  a  steam-engine,  which  is  built  upon  the  same  bed-plate  wi^  \ 
and  it  is,  consequently,  calculated  to  develop  the  requisite  l*  5. 
at  a  low  speed.  I 

The  framework  is  a  hollow  casting,  well  stayed  with  cross  rJi^ 
and  cast  solid  at  one  part  to  form  the  yoke.  The  slabs  tone  % 
the  limbs  of  the  field-magnet  are  of  wrought-iron,  of  the  baJ 
known  as  *  Kirkstall  scrap,*  carefully  annealed,  each  finished  \^ 
weighing  8  cwL  ;  they  are  fixed  on  to  the  framework  by  tvo  ^ 
passing  horizontally  through  the  solid  part  of  the  casting. 

The  armature  is  drum  wound,  having  Pacinotti  teeth,  the  • 
being  made  of  thin  discs  of  Swedish  iron,  punched  out  10 
required  shape,  and  effectually  insulated  one  from  another  bj  'i 
asbestos  tissue  and  shellac  varnish. 

A  number  of  keyways  are  planed  in  the  shaft,  and  conesjffi 
ing  horns  or  projections  are  stamped  out  on  the  inner  edgrfl 
the  discs,  to  fit  accurately  into  these  keyways,  the  shaft 
also  fluted  between  them  so  as  to  afford  air-passages  uoder 
discs. 

To  form  the  Pacinotti  teeth,  the  outer  periphery  of  cacb 
is  punched  symmetrically  with  respect  to  the  inner  hams»  so 
when  the  discs  are  threaded  on  to  the  shaft,  rectangular  gia?* 
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(with  the  greater  dimension  radial)  are  fonned  along  the  sniiw 
of  the  core,  and  in  these  grooves  is  placed  the  conductor. 

The  method  of  insulating  the  wire  from  the  core  is  very  e^" 
tual  and  somewhat  unique.     Strips  of  mica  are  placed  in  tk 
grooves  referred  to,  and  cemented  together  so  as  to  farm  a  c(c- 
tinuous  trough.     In  addition  to  this  the  conductor  is  proviW 
with  a  double  covering  of  cotton,  and  a  serving  of  silk  at  i 
angles  where  it  is  bent  round  the  edges  of  the  core.    In  thrcK^ 
the  discs  upon  the  spindle,  three  spaces,  a  a  a,  are  left  betva 
them.     Fan-blades  are  set  in  these  spaces,  and  the  whole  <^'  ^ 
plates  are  clamped  together  by  the  cast-iron  end-plates,  a  and  i 
which  are  screwed  upon  the  shaft     Underneath  the  plate  a.  t] 
the  end  remote  from  the  commutator,  are  little  air-passages  c®i 
municating  with  the  flutings,  previously  referred  to,  intheis*?! 
and  when  the  armature  is  rotated,  air  is  drawn  in  as  indicatEd  "^ 
the  arrows  under  the  end- plate,  and  along  the  flutii^  undef  ^ 
edges  of  the  discs,  and  is  forced  out  2X  a  a  a  by  the  fan-hte 
thus  giving  most  efficient  ventilation.  \ 

Fan-blades,  cc,  are  also  fixed  to  the  end-plate,  b,  nearesJ^ 
commutator,  at  the  back  of  which  they  maintain  a  current  of  ^ 
and  prevent  the  accumulation  there  of  dust  or  dirt  Thoc^ 
sixt}'  bars  in  the  commutator,  each  fitted  with  a  lug,  as  show,  i^ 
connection  with  the  armature  conductor.  The  method  of  sanxi 
these  bars  is  also  clearly  illustrated.  Mica  \s  employed  "^  <^ 
for  separating  the  bars  from  each  other,  but  also  for  insck^ 
them  from  the  bush  and  cone  ring  by  which  they  are  secc»j 
The  bush,  which  is  keyed  on  to  the  shaft,  is  of  gun-roetal,  te  ^ 
order  to  obtain  a  higher  pressure  the  cone  ring,  r,  and  not,  5.  * 
made  of  wrought-iron  instead  of  gun-metal  The  nut  is  csW 
with  copper  to  prevent  oil  creeping  down  the  threads,  and  bmS 
each  journal  at  t  t,  small  tanks  for  waste  oil  are  provided  T^fl 
groove  in  which  the  collar  of  the  brush  rocking-bar  turns  is  sJ^* 
at  H  H.  This  particular  machine  develops  a  maximum  carreer  ^j 
120  amperes  at  100  volts,  the  speed  being  only  250  revolc:>^ 
per  minute.  It  is  compound-wound,  the  resistance  of  the  aa*- 
ture  being  ci  ohm,  of  the  series  windings  o"oi7  ohm,  and  »* 
shunt-coil  30  ohms. 

A  type  of  machine,  differing  from  those  previously  consifcJ* 
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in  regard  both  to  the  armature  and  the  field,  is  illustrated  in  f^  id 
It  is  known  as  the  *  Victoria '  dynamo,  and  is  a  developoiea  br 
Mr.  W.  M.  Mordey  of  a  machine  originally  designed  by  Sdiudeij 
In  the  earlier  days  of  practical  dynamo- building,  engineers  t3 
much  exercised  by  the  comparatively  large  proportion  of  iriisa 
ring  armatures  which  cuts  few  or  none  of  the  lines  of  force, 
which,  therefore,  is  called  idle  wire.  The  Schuckeit  machiuc 
designed  to  minimise  this  as  much  as  possible,  by  flattem^ 
armature  ring,  and  extending  the  pole-pieces  so  as  to  make 
embrace  more  of  the  wire  on  the  flattened  sides  of  the  coik 
arrangement  did  not,  however,  altogether  answer  the  antidpati? 
for  by  merely  extending  the  pole-pieces,  the  density  of  the 
of  force  was  diminished,  and,  with  a  magnet  developing  a 
strength  of  field,  it  matters  little  w^hether  that  field  is  spread  d 
and  the  lines  of  force  cut  by  a  long  piece  of  wire,  or  wbediera 
field  is  more  concentrated  and  only  cut  by  a  portion  of  thefl 
wire. 

This  form  of  armature,  even  when  the  best  shape  is  gi«3 
the  pole-pieces,  is  in  reality  slightly  less  efficient  than  eitbff 
ordinary  ring  or  the  drum  form,  but  it  is,  nevertheless,  a 
chiefly  because  it  offers  good  facilities  for  ventilation,  is  vcnr  i^ 
in  construction,  and  (owing  to  the  sectional  shape  of  the  amtfij 
coils)  there  is  but  little  tendency  for  the  wires  to  fly  oat  «i^ 
driven  at  a  high  speed.  Flat  ring  armatures  are  also  nssaHf  d 
to  rotate  in  a  *  multiple  field,'  that  is  to  say,  the  field  is  geDcai 
by  four,  six,  or  sometimes  eight  poles. 

Fig.  196  illustrates  a  four-pole  machine,  four  being  the 
most  frequently  employed.    Each  cast-iron  pole-piece  which 
embraces  the  armature  has  connected  to  it  t^vo  cylindrical 
iron  cores,  the  outer  ends  of  these  cores  being  bolted  to  ilie  aij 
iron  standards  forming  the  yokes.  I 

The  two  coils  on  each  pair  of  cores  are  so  wound  tiat  cJ( 
similar  poles  are  adjacent  to  the  cast-iron  pole-pieoe  b^*^ 
them,  thus  developing  a  strong  field  from  the  pole<ptece.  T^ 
pole-pieces  are  magnetised  in  this  way  alternately  noith  and 
the  arrangement  of  the  entire  field  being  that  shown  in  at-  »^ 
where  the  direction  of  the  lines  of  force  through  die 
core  when  it  is  at  rest  and  the  field  undistorted,  is  shoira  K 
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rrow- heads.     The  lines  of  force  enter  at  the  outer  circumference 
nd  also  at  both  sides  of  the  armature. 

As   the  diameter  of  commutation  is  at  right  angles   to  the 
ines  of  force,  and  as  in  this  multiple  field  there  are  two  such 
iiameters,  a  b  and  c  d,  two  sets  of  brushes  would  appear  to  be 
lecessary.     This  will  be  more  apparent  if  we  consider  the  induc- 
ive  effects  upon  a  single  coil  during  a  complete  revolution.     Sup- 
posing the  coil  to  start  from  a,  where  its  plane  is  at  right  angles 
:o  the   lines    of   force,   its 
apper  portion   will,  in   ap- 
proaching the  pole-piece,  n, 
cut  the  lines  of  force  from 
above,  and  in  passing  from 
N  to  D  it  will  cut  other  lines, 
opposite  in  direction,  from 
below,  the  result  being  that 
the  induced  current  is  in  one 
direction    only    during  the 
whole  journey  from  a  to  d. 
Here    the     reversal    takes 
place,  for   the  coil,   in  ap- 
proaching s,  cuts  these  lines 
from  above,  and,  passing  s, 
cuts  opposite  lines  from  below,  whence  another  continuous  cur- 
rent is  generated  while  the  coil  is  travelling  from  d  to  b,  where  a 
second  reversal  takes  place ;  and  similarly  with  the  other  quad- 
rants, the  third  reversal  occurring  at  c,  and  the  fourth  at  a.     Or, 
viewing  the  matter  from  another  standpoint,  since  the  reversal  of 
the  current  takes  place  at  that  moment  when  the  maximum  number 
of  lines  of  force  is  projected  through  a  coil,  and  as  this  maximum 
occurs  at  the  point  midway  between  each  pair  of  pole-pieces  (the 
field  being  still  undistorted),  it  will  be  evident  that  the  current 
must  be  reversed  as  the  coil  passes  the  points  a,  b,  c,  and  d. 
Therefore,  were  the  armature  joined  up  in  the  ordinary  way,  one 
pair  of  brushes  must  be  placed  on  the  diameter  a  b  and  another 
on  the  diameter  c  d,  to  collect  the  current  from  all  the  coils. 

To  avoid  this  inconvenient  arrangement  a  simple  modification 
is  made  in  the  winding.     As  every  pair  of  diametrically  opposite 
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coils  is  at  every  stage  undergoing  precisely  the  same 
effect  as  the  pair  of  coils  situated  at  right  angles  to  it,  it  fa 
every  two  such  pairs  of  coils  can  be  peimanently  j<Hned  tq 
in  parallel,  for  they  are  at  every  moment  developing  equal  e. 
By  this  device  only  two  brushes  are  necessaty,  one  beii^a 
ahead  of  the  other. 

The  method  by  which  this  'cross-connecting'  ^  efe 
the  Victoria  machine  practically  consists  in  joining  togfttu 
diametrically  opposite  commutator  bars,  as  illustrated  in  fig. 
In  this  machine,  as  in  every  other,  the  reaction  of  them 
distorts  the  field  and  necessitates  a  forward  lead  beii^  f 
F,(j.  ,58.  the  brushes,  whidi 

ever,    are  alwan 
rated  by  the  saiue 
viz.   90°.     It  ma 
be  pointed  out  tin 
are    alwaj's    four 
open     to    the   c 
through    the 
and    that  tfaeretv 
resistance  from  br 
brush     is    but  a 
teenth  of  what  it 
be  were  the  whole 
coils    joined 
The   low  resistant 
obtained  is  an  impM 
feature  in  favour  of  multiple  pole  machines,   for,  in  imJerBI 
with  the  ordinary  ring  or  drum  winding  an  equally  low  reijia 
the  conductor  would  have  to  be  so  massive  that  mechanicii  a 
stmction  would  be  far  less  easy,  and  eddy  currents  mold 
generated  in  the  conductor  itself  unless  prevented  by  lanHBia 
In  the  case  of  a  six-pole  machine  constructed  on  stmitir  S 
either  six  brushes  must  be  used,  or,  as  is  actually  done,  the  a 
mutator  segments    rao"   apart,   joined    together    in   threes  ' 
brushes  being  then  employed  with  an  angle  of  60"  between  tta 
In  this  class  of  machine,  however,  the  adjacent  pole-pa 
being  of  opposite   polarity,  must   not  approai:;i  each  ptiiffi 


Victoria  Dynamo  369 

',  otherwise  an  unduly  large  proportion  of  the  lines  of  force 
Hl  across  the  air-space  instead  of  passing  through  the  arma- 
nd  in  any  case  the  armature  must  be  provided  with  sufficient 
»  make  the  magnetic  resistance  low.  Special  care  must  also 
:en  'with  the  lamination  of  the  armature  core.  It  will  be 
ibered  that  the  eddy  currents  induced  in  a  rotating  core,  as 
'  other  moving  conductor,  are  at  right  angles  to  the  lines 
ZG  of  the  field,  and  also  to  the  direction  in  which  the 
::tor  is  moving.  In  the  case  of  the  ordinary  simple-field 
le,  the  lamination  of  the  armature  presents  little  difficulty  as 
les  of  force  enter  it  from  the  outside  circumference  only, 
e  pole-piece  embraces  a  flat-ring  armature,  and  the  lines  of 
nter  at  the  sides  as  well  as  at  the  circumference,  and  it  is 
►re  necessary  to  laminate  the  core  in  two  directions,  so  as 
id.  currents  being  induced  either  radially  or  in  a  direction 
1  to  the  shaft. 

r  this  reJLson  an  unusually  large  proportion  of  the  space 
the  coils  of  a  flat  ring  armature  is  occupied  by  insulating 
ft  I  instead  of  iron. 

ferring  again  to  fig.  197,  it  will  be  seen  that  the  direction  of 
es  of  force  through  the  armature  is,  as  it  rotates,  frequently 
sd,  and  that  the  number  of  reversals  per  revolution  would  be 
;ed  by  increasing  the  number  of  poles.  Such  changes  in 
tisation,  if  too  rapid,  would  heat  the  core  considerably, 
ipair  the  efficiency  of  the  machine,  and  this  is  one  reason 
tore  than  six  poles  are  rarely  employed, 
r,  1 99  is  a  sectional  side-elevation,  showing  the  construction 
Victoria  dynamo,  fig.  200  being  an  end  elevation,  half  in 
1,  of  the  same  machine. 

le  core  is  built  up  by  winding  iron  tape,  0*012  in.  thick 
30Ut  half  an  inch  wide  (with  thin  paper  insulation),  round  a 
rought-iron  foundation  ring,  which  is  of  the  same  width  as  the 
eted  core,  and  is  slotted  on  both  edges  at  four  equi-distant 
The  four-armed  gun-metal  spider  s  (fig.  200)  is  made  in 
i.lveS9  held  tightly  together  by  hexagonal  nuts  screwing  on  to 
laft,  to  which  also  the  hub  is  keyed.  A  bolt  likewise  passes 
rh  each  of  the  arms,  and  when  this  divided  spider  is  thus 
^  held  in  position,  a  little  projection  from  the  outer  extremity 
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each  arm  fits  tightly  into  one  slot  of  the  wroMght-iron  foundation 
f,  and  also  extends  a  short  distance  into  the  core,  a  few  of  the 
ler  layere  being  slotted  for  the  purpose. 

The  section  of  the  core  is  rectangular,  and  its  radial  depth  is 
isiderably  less  in  proportion  than  that  of  the  early  Sat  ring  ar- 
tures.  Comparatively  few  of  those  lines  of  force  which  enter  at 
;  outer  circumference  penetrate  through  the  whole  depth  of  the 


e,  and  consequently  the  lammation  near  the  foundation  ring  need 

be  earned  to  a  very  great  extent  to  prevent  the  flow  of  currents 
a  direction  parallel  to  the  shaft  In  some  recent  Victoria 
chines,  the  stnps  are,  for  this  reason,  narrower  and  more 
nerous  towards  the  outer  circumference  than  near  the  inside. 
The  armature  conductor  is  rectangular  in  section,  insulated 
h  tape,  and  is  wound  in  one  continuous  spiral  round  the  core, 

connections  from  the  Lommutator  bars  being  soldered  on  at 

proper  points  on  the  inside  of  the  ring 

The  armatures  of  the  smaller  machmes  are,  however,  wound 
h  ordinary  circular  wire,  cotton-covered  and  well  varnished. 
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£ach  of  the  vertical  standards  forming  the  yokes  is  cast  in 
two  pieces,  which  are  bolted  together,  so  that  the  upper  portion  of 
each,  with  the  two  upper  field-magnets,  can  be  removed  to  afford 
access  to  the  armature.  This  arrangement  is  shown  in  the  figures, 
from  which  it  will  further  be  seen  that  the  upper  part  of  the 
bearings  can  also  be  detached,  thus  enabling  the  armature  to  be 
easily  lifted  out  of  its  position  when  necessary  for  examination  or 
repair. 

As  in  all  other  machines,  it  is  necessary  for  the  space  be 
tween  the  field-magnet  and  the  armature  to  be  as  small  as  possible, 
and  since  the  pole-pieces  extend  over  the  sides  of  the  latter,  it  is 
clear  that  there  must  be  no  end  play,  or  shifting  of  the  shaft  length- 
ways ;  this  is  effectually  prevented  by  the  long-grooved  bearing 
shown  to  the  right  in  fig.  199. 

These  machines  are  series,  shunt,  or  compound-wound,  as 
required.  One  built  for  the  authors  for  educational  purposes  can, 
by  means  of  a  switch  fixed  on  the  top  of  the  framework,  be  con- 
nected up  for  any  one  of  these  systems  at  pleasure. 

The  machine  illustrated  is  intended  to  be  driven  at  1,000 
revolutions  per  minute,  and  is  then  capable  of  developing  15,000 
watts  in  the  external  circuit,  at  a  terminal  potential  difference  of 
110  volts. 

A  multipolar  flat  ring  machine  is  also  manufactured  by  the 
Giilcher  Company,  and  the  latest  type  of  this,  known  as  the 
*  Battersea '  dynamo  (fig.  201),  is  worthy  of  special  notice.  As  has 
been  remarked,  such  machines,  while  slightly  less  efficient  than 
other  forms,  present  in  some  respects  fewer  difficulties  in  con- 
struction, and  the  Battersea  dynamo  is,  from  a  mechanical  point 
of  view,  as  well  as  electrically,  an  exceptionally  good  specimen  of 
its  class. 

Fig.  202  gives  a  longitudinal  section  through  a  machine  of 
recent  construction,  a  side  elevation  being  shown  in  fig.  203.  It 
is  a  four-pole  machine,  having  an  output  of  12,000  watts. 

The  foundation  of  the  armature  core  is  the  rim  of  a  strong  gun- 
metal  wheel,  which  has  four  radial  arms.     The  hub  of  the  wheel 
I      bears  on  one  side  against  a  collar  on  the  steel  shaft,  as  shown  to 
J      the  right  in  fig.  202  ;  it  is  held  tightly  in  position  on  the  other 
side  by  a  steel  nut  which  screws  on  to  the  shaft.     The  core  itself 
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consists  of  soft  iron  wire  rectangular  in  cross-section,  and 
sulated  vrith  cotton.  It  is  wound  round  the  foundation-ring  ui 
high  tension,  the  core  thus  built  up  being  very  strong  and  rigid. 

We  have  referred  to  the  necessity  for  lamination  in  two  dir 
tions  ;  and  the  smallness  of  the  wire,  and  the  efficiency  of  its  inai 
lation  practically  eliminate  eddy  currents,  while  the  thinness  of  ub 
insulation  and  the  tightness  of  the  winding  reduce  the  waste  a 
space  to  the  lowest  possible  limit. 

The  armature  conductor,  which  is  a  copper  strip,  is  woum 
over  this  core  (embracing  also  the  rim  of  the  supporting  wheel)  ii 
a  single  layer ;  the  strip  is  rectangular  in  section,  its  dimension 
being  calculated  so  as  to  just  occupy  the  allotted  space  round  th 
circumference,  and  thus  the  distance  between  the  pole-faces  am 
the  core  is  made  a  minimum.  By  the  device  of  cross-connectiii^ 
the  current  is  collected  from  a  single  pair  of  brushes,  placed  91J 
apart  The  method  of  connecting  diametrically  opposite  pain  d 
coils  in  parallel  is  unique.  On  the  shaft  betw^een  the  armatui 
and  commutator  is  fixed  a  wooden  sleeve,  over  which  a  number  | 
flat  copper  rings  are  slipped.  These  rings  are  carefully  insulatel 
and  each  has  two  lugs  projecting  at  opposite  extremities  of 
diameter ;  a  radial  saw  cut  is  made  in  each  lug,  just  large  en 
for  a  copper  conductor  strip  to  be  pressed  in  and  soldered, 
rings  are  so  arranged  that  their  lugs  form  a  spiral  round 
shaft,  and  those  connecting  strips  which  lead  from  diametri 
opposite  coils  of  the  armature  to  the  commutator,  are  soldered 
the  higs  of  the  same  ring.  In  this  way  diametrically  opposite 
of  the  commutator  are  joined  together ;  one  such  connection 
shown  at  the  ring  nearest  the  commutator  in  fig.  202. 

The  circular  cast-iron  end  frames  forming  the  yokes  to 
field-magnets  are  in  two  halves  bolted  together,  the  lower 
being  also  bolted  to  the  bed- plate,  as  shown  in  the  illustratioi 
These  yoke-pieces  are  very  massive,  and,  as  the  surfaces  of  con 
between  them  and  the  wrought-iron  cores  are  laige  and  d 
fitting,  the  magnetic  resistance  is  low,  and  a  large  proportion 
the  lines  of  force  are  led  into  the  armature. 

The  whole  armature  conductor  offers  but  little  resistance, 
as,  by  the  cross-connecting,  this  is  reduced  to  one-sixteenth  of 
resistance  which  would  be  offered  were  all  the  coils  joined 
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series,    but  little  power  is  absorbed  in  the  armature,  and  the 
nachine  is  self-regulating  through  a  considerable  range. 

The  commutator  consists  of  eighty  copper  bars,  with  mica 
nsulation,  fixed,  as  shown  in  the  drawing,  by  a  gun- metal  nut  and 
vasher,  over  a  gun-metal  sleeve. 

In  smaller  machines,  circular  copper  wire,  instead  of  rectangu- 
lar strip,  is  employed  for  the  conductor,  and  the  magnetic  resist- 
ince  of  the  core  is  even  further  reduced  by  covering  the  iron  wire 
with  silk  instead  of  cotton,  the  former  occupying  much  less  space 
than  the  latter. 

In  concluding  this  chapter,  we  may  with  advantage  pass  a 
few  further  remarks  concerning  the  losses  which  reduce  the  effi- 
ciency of  a  dynamo.    Omitting  the  power  absorbed  in  overcoming 
the  conductor  resistance,  which  can  easily  be  calculated,  the  losses 
may  be  classified  under  three  general  heads  :    {a)  Mechanical 
friction  ;  {b)  Eddies  in  conductor ;  {c)  Losses  in  armature  core. 
The  friction  occurs  principally  at  the  bearings —for  the  commutator 
brushes  should  exert  only  just  sufficient  pressure  to  insure  reliable 
contact — ^and  the  loss  due  to  this  cause  increases  regularly  with 
the  speed  at  which  the  machine  is  driven.     When  the  conductor 
is  massive,  as  in  the  case  of  a  bar  armature,  the  eddy  currents  in 
it  may  be  sufficiently  important  to  absorb  a  considerable  amount 
of  power,  and,  as  we  have  seen,  such  conductors  are  frequently 
laminated,  or  sometimes  braided  wire  is  employed,  to  prevent 
the  circulation  of  the  currents.     Lamination  of  the  iron  core,  if 
properly  performed,  also  reduces  to  a  minimum  the  eddies  in  the 
iron  ;  but  there  is  another  source  of  loss  which  arises  when  lines 
of  force  passing  through  iron  are  rapidly  reversed  or  altered  in 
direction,  due  to  a  phenomenon  known  as  hysteresis.     This  loss 
appears  to  be  the  result  of  a  kind  of  internal  friction  between  the 
molecules  of  the  iron,  when  they  change  their  position,  as  we 
believe  they  do,  under  the  influence  of  the  magnetising  force.    At 
any  rate,  it  is  not  possible  to  project  lines  of  force  through  iron, 
or  alter  their  position,  without  a  small  amount  of  work  being  per- 
formed independently  of  that  resulting  in  eddies. 

With  one  particular  specimen  of  iron,  through  which  the 
magnetic  induction  was  18,000,  Dr.  Hopkinson  estimated  that 
13,000  ergs  were  expended  in  twice  completely  reversing  the 
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magnetism,  apart  from  the  energy  reappearing  as  eddies,    ftn  J 
any  mechanical  or  other  cause  which  sets  the  particles  of  tbcJ 
vibrating  reduces  the  energy  lost  by  hysteresis,  such  caloilatki 
are  not  directly  applicable  to  the  case  of  the  iron  employed  is 
dynamo  machine. 

It  is  a  most  important  matter  to  separate,  if  possible,  tba 
sources  of  loss  in  any  dynamo,  in  order  to  ascertain  what  poxs^ 
the  machine,  if  any,  need  altering  in  design.  This  separation  ifl 
very  recently  been  effected  practically  by  Mr.  W.  M.  Moidcy,«i 
plotted  his  results  in  the  curves  shown  in  fig.  204.  The  nadsi 
experimented  with  was  a  direct-current  Victoria  dynamo,  with  t 
output  of  18,000  watts,  the  speed  being  varied  up  to  1,200  rcwii 
tions  per  minute.  The  armature  core  consisted  of  iroo  strf 
o'oi2  inch  thick,  with  thin  paper  insulation,  the  cross-sectioo  d 
the  iron  in  the  core  being  12  square  inches,  and  the  ixiagBid 
induction  through  it  1 2,300  cg.s.  lines. 

The  dynamo  had  four  poles,  and,  therefore,  the  lines  of  £bRl 
through  the  core  were  reversed  twice  in  every  revolution.         j 

The  machine  was  driven  with  the  field-magnets  disconnedfll 
the  iron  having  been  deprived  of  its  magnetism  by  a  rapidly  isA. 
nating  current ;  and  the  power  then  absorbed,  measured  t^j 
transmission  dynamometer,  gave,  at  various  speeds,  the  vabx  i 
the  power  spent  in  overcoming  the  mechanical  friction.  Sirt 
the  iron  in  the  magnet  cores  always  retains  some  magnetisal 
small  amount  of  power  would  be  absorbed  in  the  prodoctioo  i 
weak  eddy  currents,  were  this  residual  magnetism  not  caie^ 
eliminated. 

In  fig.  204,  o  M,  representing  the  friction  loss,  is  plotted 
the  base  line,  so  that  the  relation  between  the  other  curves  as\ 
more  clearly  seen. 

In  order  to  obtain  the  total  losses  in  the  iron  core,  tlse 
was    separately  excited    to  its  normal    strength    by  mcais.' 
secondary  batteries,  and  the  armature  core,  without  the 
conductor,  driven  at  various  speeds,  the  power  absorbed  in 
being  measured  as  before. 

This  power  is  the  sum  of  that  absorbed  by  friction,  edfe 
the  core,  and  hysteresis  ;  and  by  subtracting  the  friction  the 
latter  quantities  remain,  and  are  plotted  at  o  n  in  the  ff^sst. 
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ta  winding  (he  armature  and  repeating  the  experiments,  the 
o  n'  is  obtained,  and  the  difference  between  the  ordinates 
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ind  o  N  represents  the  loss  due  to  eddies  in  the  copper 

ictor. 
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But  the  important  problem  is  to  find  a  means  of  separating  a( 
hysteresis  and  eddy  current  losses  in  the  core ;  this  was 
plished,  and  the  line  o  p  represents  the  loss  due  to  the  forme. 

The  method  of  separation  is  simple,  and  depends  on  the 
that  while  the  loss  due  to  the  eddies  varies,  with  a  given 
of  lines  of  force,  as  the  square  of  the  speed,  the  loss  from  hystad 
is  proportional  to  the  speed  simply. 

Therefore,  if  two  speeds  are  taken,  such  that  one  is  dwil 
the  other— for  instance,  450  and  900  (see  the  figure) — the  ha^ 
of  the  hysteresis  ordinate,  from  o  m'  to  o  p,  at  the  higher  ^ 
will  be  twice  the  height  of  the  ordinate  at  the  lower  speed ;  wli 
the  height  of  the  eddy-current  ordinate  from  op  to  o n «xl i 
four  times  as  great  at  the  higher  as  at  the  lower  speed. 

After  a  few  trials,  the  two  points  between  o  m'  and  on  wki 
satisfy  these  conditions  can  be  found ;  and  the  line  o  p,  dm 
through  these  points,  separates  the  loss  caused  by  hysteresis  ^ 
that  due  to  eddy  currents. 

The  curves  on,  on',  show  the  actual  loss  experimead 
observed,  but  a  dotted  branch  line  is  added  to  each,  which  ni 
cates  the  curve  which  would  be  obtained  if  the  rate  of  kw  I 
power  had  been  maintained  with  the  increase  of  speed  up  to  \A 
revolutions.  It  will  be  observed  that  the  actual  loss  agrees  li 
the  calculated  loss  until  a  speed  of  900  is  reached,  from  v^ 
point  it  falls  below  the  calculated  value.  The  reason  for  th » 1 
not  altogether  explainable  at  present,  but,  on  account  of  its  v:^'^ 
ance,  efforts  will  doubtless  be  made  to  determine  the  rtfaw 
magnitudes  of  the  various  reactions  which  take  place. 

The  vertical  sides  of  the  squares  represent  0*25  of  a  hflJ 
power,  while  the  horizontal  sides  represent  100  revolutions  f 
minute,  or  3*3  complete  magnetic  reversals*  per  second;  arJl 
will  be  observed  that  although  the  lamination  of  thecofc  has  bfli 
carried  to  a  high  degree,  yet  the  loss  due  to  eddies  is  considenHl 
and  cannot  by  any  means  be  ignored.  One  object  of  ^ 
experiments  was  to  demonstrate  that,  however  well  laminated  i 
iron  cores  in  the  armature  of  an  alternating-current  dynaiiK»^ 
the  seat   of  a  considerable  amount   of  loss,  and  this  has  * 

*  The  symbol  ^  is  used  to  denote  a  complete  alternation  of  the 
is.  in  fact,  the  sine  curve  (fig.  120)  in  miniature. 
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btedly  been  proved  to  be  the  case.  The  departure  from  the 
;ulated  rate  of  loss  at  the  higher  speeds,  as  evidenced  by  the 
ding  down  of  the  curves,  prevents,  however,  the  method  being 
ictly  applied  to  alternating  machines,  where  the  reversals  are 
siderably  more  rapid  than  when  the  disturbing  causes  begin  to 
lifest  themselves.  But  the  experimenter  is  to  be  congratulated 
n  having  produced  a  method  which  is  practical,  and  apparently 
ibie  in  the  case  of  direct-current  machines  running  at  a  fair 
id,  and  which,  at  any  rate,  forcibly  draws  attention  to  causes 
loss  which,  it  is  often  assumed,  are  so  unimportant  that 
r  can  be  ignored. 
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CHAPTER   XI. 

DIRECT   CURRENT  DYNAMOS    (OPEN   COIL). 

In  the  armatures  of  the  direct-current  machines  hitherto  desciii 
all  the  coils  are  connected  together,  and  the  junction  of  eidl 
jacent  {)air  is  joined  to  a  bar  of  the  commutator.     But  theit  si 
other  method  of  constructing  an  armature,  in  which  the  cols  I 
kept  quite  separate,  each  having  in  the  simplest  form  a  sepi 
two-part  commutator.     The  former  are  known  as  *doseiM 
and  the  latter  as  *  open -coil  *  armatures.     Machines  for  denili 
very  high  electro-motive  force  are  usually  built  with 
armatures,  an  e,m,f,  of  2,000  volts  being  not  uncommoa 
such  machines  are  used  for  electric  lighting  in  cases  vbcei 
type  of  the  lamps  and  their  disposition  are  such  as  to 
the  transmission  of  the  current  through  a  high  resistance, 
closed-coil  armature  the  e.m.f.  generated  by  every  coil  in  am 
every  position,  excepting  at  the  moment  when  it  is  short 
by  the  brush,  forms  a  part  of  the  total  e.m.f.  of  the  madiiK- 
the  contrary,  in  an  open-coil  armature  the  current  is  <Sj^ 
from  a  coil  while  it  is  in  the  position  of  greatest  activii)  os^ 
while  the  E.M.F.  induced  in  it  is  at  its  maximum,  the  coil 
thrown  out  of  circuit  during  the  time  that  it  passes  throop 
period  of  least  activity.     At  the  banning  of  this  latter 
another  coil  enters  the  best  position,  and  commences  10  fc» 
circuit.     The  coils  may  be  wound  either  on  the  ring  c 
principle,  but  in  the  former  case  the  two  coils  at  oRJOs* 
tremities  of  a  diameter  are  joined  together  in  series  and  b? 
treated  as  one  coil. 

Many  of  the  elementary  principles  examined  in 
with  the  machines  already  described,  hold  equally  «D  ^ 
with  open-coil  armatures,  and  while  it  is  unnecessan*  t^i 
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ter  into  a  lengthy  discussion  of  these  matters,  we  may  say,  briefly, 
at  the  field  will  be  distorted  in  the  same  manner,  and  that 
e  p>osition  of  maximum  activity  for  any  coil  will  be  that  in  which 

plane  is  parallel  to  the  lines  of  force  of  this  resultant  field.  To 
inimise  the  distortion  and  to  obtain  a  high  e.m.f.  for  a  given 
eed  of  rotation,  the  field-magnets  must  also  develop  as  strong  a 
rid  as  possible. 

The  high  e.m.f.  developed  requires,  however,  greater  precau- 
3ns  as  regards  insulation  than  are  taken  with  ordinary  closed-coil 
lachines,  and  this  point  must  be  carefully  kept  in  view  in  design- 
ig  and  selecting  the  materials  for  the  insulation  both  of  the 
■mature  and  of  the  field-magnet  coils.  In  closed-coil  machines 
le  potential  difference  between  adjacent  coils  and  commutator 
ars  being  only  a  fraction  of  the  total  potential  difference  at  the 
rushes,  the  difficulties  in  the  way  of  efficient  insulation  for  high 
.M.F.'s  are  not  so  great  as  might  appear  at  first  sight.  But  while 
1  a  closed-coil  machine  the  number  of  active  conductors  joined 
1  series  is  never  more  than  half  the  total,  in  an  open -coil  machine 
le  proportion  is  not  only  greater,  being  usually  about  two-thirds, 
(Ut  consists  of  those  in  the  most  active  positions,  so  that  the  latter 
lass  are  more  suited  to  the  development  of  high  e.m.f.  It  is 
vident,  however,  that  if  the  coils  are  cut  out  of  circuit  while  they 
re  fairly  *  active,'  there  must  be  some  means  of  dealing  with  the 
nevitable  sparking ;  it  must  either  be  minimised  by  some  arrange- 
nent  of  the  commutator,  or  its  destructive  action  prevented. 

The  fundamental  principle  of  all  open-coil  dynamos  is  illus- 
rated  in  fig.  205.  Two  pairs  of  coils  are  shown,  wound  round  an 
ron  ring,  at  right  angles  to  each  other.  The  commutator  has 
bur  parts,  or,  strictly  speaking,  there  are  two  two-part  commu- 
ators,  each  part  fonning  a  fourth  of  a  circle ;  and  each  of  these 
:wo-part  commutators  is  connected  to  the  ends  of  its  particular 
pair  of  coils.  Two  flat  springs,  b,  and  Bj,  act  the  part  of  brushes, 
md  to  simplify  matters  we  will  assume  that  the  field  is  undis- 
torted.  Since  we  desire  to  take  the  current  from  the  coils  while 
they  are  at  their  maximum  activity,  the  brushes  must  be  placed 
parallel  to  the  lines  of  force,  a  position  exactly  opposite  to  that  of 
the  brushes  on  a  closed-coil  machine.  The  two  horizontal  coils 
by  this  arrangement  deliver  their  current  to  the  external  circuity 
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while  the  vertical  ones,  being  comparatively  idle,  are  ei.v-T-^ 
connected.  The  activity  of  the  horizontal  pair  decrei---  \ 
this  point,  and  when  the  armature  has  revolved  throogbaM 


45"  they  are  thrown  out  and  the  other  coils  Ij^n  10  i«i 
circuit  Each  pair  is  thus  joined  up  and  disconnected  ilt^ 
for  a  period  equal  to  a  quarter  of  a  revolution,  and  a 
placed  in  the  external  circuit  would  indicate  a  ciirreni.  cwf 


in  direction,  but  fluctuating  considerably 
steadiness,  that  is  to  say,  a  nearer  approach  10  ■  "v. 
obtained  by  increasing  the  nunnber  of  coils,  aJili 


tength.   1* 
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when,  on  one  ring,  each  of  the  brushes  is  resting  on  one  sec- 
only,  as  at  A,  then  each  brush  on  the  other  ring  is  in  contact 
two  sections,  as  at  b,  d.  The  student  will  perceive  that  in  the 
illustrated  the  sections  of  the  left-hand  commutator  ring  have 
■A  lo  them  the  two 
■  ofcoils  which  are  , 

the  intermediate 
ion,  and  therefore 
ire  to  be  placed  in 
tel,  while  the  right- 
1  ring  has  joined  to 
e  pair  (a)  which  is 
e  best  position  and 
the  pair  which, 
!  inactive,  is  dis-  \      R    \  \    ^     ' 

ected. 

J  fig.  aio  the  two  double  commutators  are  developed  or 
d  out,  side  by  side,  to  make  the  matter  clearer,  the  lettering 
e  coils  being  the  same  as  in  fig.  jo6.  The  path  of  the 
nt  is  easily  traced.  It  passes  round  the  pair  of  coils.  A;  Aj, 
rushes  p  and  q  (by  which  it  enters  and  leaves),  each  resting 
e  section  only,  because  those  coils  are  in  the  best  position, 
urrent  then  passes  direct  to  the  brush  r  {on  the  left-hand 
i  the  commutator),  which,  resting  on  two  sections,  affords  a 
hrough  B|  Bg  and  D,  d,,  in  parallel.  The  brush  s,  by  which 
illy  leaves,  is  connected  to  one  end  of  the  field-magnet 
F  M  ;  the  coils  C|  Cj  are  disconnected.  Such  is  the  action 
takes  place  in  a  Brush  dynamo  having  four  pairs  of  coils  in 
nature. 

le  actual  machine  is  depicted  in  figs.  211  and  212,  the  latter 
ich  is  an  elevation  from  the  commutator  end.  The  cores 
field-magnets  are  almost  oblong  in  section,  and  are  securely 
1  to  cast-iron  uprights  which  form  the  yokes.  These  two 
ntal  horse-shoe  field-magnets  are  placed  with  their  similar 
opposite  each  other,  and  project  a  powerful  field  round  the 
are.  There  is  an  unusually  large  quantity  of  iron  in  the 
jre  core,  and  careful  lamination  is  needed  to  reduce  the  loss 
»;gy  due  to  eddy  currents. 
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The  method  of  building  up  this  core  is  illustrated  in  fig- 
A  thin  soft  iron  ribbon  is  wound  in  a  continuous  spiral 
iron  foundation  ring  aV  Between  the  successive  conTOlnWi 
the  ribbon,  and  held  by  them  as  the  process  of  constniaia 
earned  out,  are  placed  H-shaped  iron  stampings,  s,  of  thess 
ness  as  the  ribbon.    The  connecting  portion  of  these 


lies  wholly  within  the  turns  of  the  ribbon,  the  ends  then  [« 
and  forming  spaces,  as  at  B,  within  which  the  coils  are' 
The  stampings  are  all  of  one  size,  so  that  adjacent  sets  in  it 
portion  of  the  ring  are  nearer  to  each  other  than  in  the  oM 
tion,  while  the  sides  of  the  channels  in  which  the  wirt  »' 
are  parallel.     The  whole  is  rigidly  fixed    together  by  i* 
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alated    bolts,    b, 
ssed     radially 
jughtheH-pieces, 
spiral  ribbon  and 
foundation  ring, 
as  shown  in  the 
ional  view.    The 
ipings   and  rib- 
are,    however, 
■ortionally  much 
ner,      and     the 
ber   of  turns  is 
b     more  nume- 
than  shown  in 
igure.    The  loss 
sioned  by  eddy 
rnts    is  thus  re- 
dtoaminimum. 
Tie        armature    I 
are    insulated    \ 
the    core   by 
s  of  canvas  and 
,  treated  ireely 
ihellac  varnish, 
ayers    of  wire 
insulated    by 
»-cloth.      The 
of    each  pair 
Is  are   carried 
the  shaft  to 
>roper  sections 
commutator. 
le  (ield-magnet 
tre    also  care- 
nsulated  from 
rores   by  vul- 
a       fibre    and 
jed  paper,  the 
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difTerentlayers  being  separated  a$  in  the  case  of  the 

cotton-cloth.    These  coils  are  joined  up  in  series 

current  generated  by  the  machine  fluctuates  mure 

Fic  111.  '^    ^    tendcn 

cunenLs  t 


their    unl.i 

This  is  ,.. 

simple  At\ 

ing  betttte 

the   iron   a  ihin  tste 

coppe^,  in  which  lis 

rents  are  induced 

of  in  Ihf  iron.    "nwEi 

duced  curren 

duce    iliL-  ill 

the 


pnni.irvcLam 

The  i"ilo-piei; 

tended  -i  .i^  t) 

an  unu,'    -  \  '.--.v. 

of  the  .       ^'...-j, 

similarly    maijiK 


hues  of  force  are  not  projected  axially  through  tl 
entering  the  core  on  both  sides,  by  the  projects 
H-pieces,  tend  to  pass  circumferentially  round  a  ponionaO 
and  leave  it  at  another  set  of  H-pieces,  near  the  other 
lines  of  force  being  in  this  way  urged  through  ajid  rtt 
coils  as  they  rotate. 

The  diameter  of  greatest  activity  is  apjH-o\mvitcK  i 
with  the  upper  horn  ofthe  right-hand  pole-piece,  nnd  thclc 
of  the  left-hand  pole-piece  (fig.  212),  as  will  Ix?  .i.ithtFrt 
position  of  the  brushes,  the  direction  of  rotation  bving  iti 
as  viewed  from  the  commutator  end.  As  the  m.iih'nc  isi 
to  give  a  nearly  constant  current,  the  reaction  of  the  arai 
the  field,  and  therefore  also  the  lead  of  the  hru^^hes,  <■ 
very  slightly  under  ordinary  changes  in  the  load. 

The  machine  illustrated  is  designed  to  supply  53  I 
in  series,  with  a  current  of  10  amperes.     The  ^uMl 


M 
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columns  are  joined  in  series  between  the  two  terminal  screws  at 
the  top,  connection  being  made  between  the  two  inner  columns  at 
Fic.  gii  the  top,  and  be- 

— .  tween  the  outer 
-V  pairs  of  columns 
at  the  bottom,  by 
means  of  carbon 
stabs.  Wires  are 
led  from  the  two 
lop  terminals  to 
the  ends  of  the 
field- magnet  coils, 
across  which  these 
carbon  columns 
fonta  a  shunt, 
whose  resistance 
can  be  varied  by 
altering  the  pres- 
sure upon  the 
plates.  This  pres- 
sure is  automati- 
cally increased 
when  the  current 
rises  above  its 
normal  value,  and 
the  resistance  of 
the  shunt  beii^ 
thus  reduced,  a 
larger  proportion 
of  the  current  is 
abstracted  from 
the  field -magnets, 
and  the  strength 
of  the  field  and 
current  kept  at 
their  proper  value. 
The  method  of  accomplishing  this  is  illustrated  in  the  figure. 
The  two  solenoids  are  joined  up  in  the  main  circuit  by  way  of 
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the  terminals  shown  at  the  bottom.  Projecting  partly  into  the 
coils,  are  two  soft  iron  cores,  permanently  fixed  to  a  common  yoke- 
piece,  the  centre  of  which  carries  a  brass  rod  attached  at  its  lower 
extremity  to  one  end  of  a  lever,  whose  fulcrum  is  a  knife-edge  at 
its  extreme  left  end.  When  by  the  switching  out  of  lamps,  or  from 
any  other  cause,  the  main  current  passing  through  the  solenoids 
increases,  the  cores  are  sucked  upwards  with  greater  force,  and  the 
block  on  which  the  four  columns  rest  is  raised  through  a  short  dis- 
tance by  the  lever,  thus  compressing  the  carbon  plates  and  reducing 
the  shunt  resistance,  with  the  result  that  the  current  in  the  field- 
magnets  is  proportionally  reduced.  A  dash-pot  is  attached  to  the 
free  end  of  the  lever  to  prevent  sudden  or  jerky  movements,  the 
normal  adjustment  being  obtained  by  means  of  a  spiral  spring  and 
a  few  small  weights  slipped  over  a  vertical  pin. 

Brush  dynamos  are  made  in  a  great  variety  of  sizes  and  forms, 
to  fit  them  for  various  classes  of  work,  the  armature  being  some- 
times wound  with  twelve  coils,  in  which  three  sets  of  commu- 
tators and  brushes  are  required.  A  very  remarkable  machine 
is  one  constructed  for  the  purpose  of  smelting  aluminium,  the 
current  required  being  3,200  amperes  with  an  electro-motive  force 
of  80  volts.  Its  actual  speed  when  developing  its  maximum 
power  is  a  little  over  400  revolutions  per  minute.  The  cores  of 
the  field-magnets  are  of  cast-iron  and  cylindrical  in  shape,  with  a 
diameter  of  11  inches  and  a  length  of  16  inches,  the  total  weight 
of  the  copper  with  which  they  are  wound  amounting  to  542  lbs. 
The  armature  contains  825  lbs.  of  copper  wire,  and  has  an  iron 
core  weighing  1,600  lbs.  The  machine  measures  about  15  feet 
long  and  4  feet  wide,  and  stands  5  feet  high. 

The  only  other  form  of  open-coil  dynamo  in  general  use  is  the 
Thomson- Houston,  of  which  a  general  view  is  shown  in  fig.  215. 
It  is  a  machine  by  itself,  having  many  peculiar  features,  altogether 
different  from  those  of  any  other  with  which  we  have  dealt. 
There  are  two  field-magnets  placed  horizontally,  with  their  oppo- 
site poles  facing  each  other.  There  is  comparatively  little  iron  in 
the  cores,  each  of  which  consists  of  a  cast-iron  tube  flanged  at  both 
ends,  and  provided  at  the  armature  end  with  a  spherical  cavity  to 
form  the  pole-piece.  The  shape  of  the  armature  itself  is  that  of  a 
slightly  flattened  sphere,  somewhat  like  an  orange,  and  it  revolves 


392 


Electrical  EngimertHg 


between  and  partly  within  the  cup-shaped  pole-pieces,  Th£< 
on  each  field-magnet  core  is  wound  m  the  space  betwdii 
flanges,  the  outer  flanges  of  the  two  cores  being  wider  tha' 
inner  ones,  and  affording  thereby,  means  fora  number  of  wn^ 
iron  bars  to  be  bolted  through  them.  These  bolts  add  naw' 
to  the  mechanical  strength  of  the  machine,  protect  the  cofl»l 


injurv,  and  lorm  tlit  jokt  u]  ihe  litld  magnets, 
which,  on  account  ot  thi.  small  quantity  of  iron  eropJ 
construction,  has  but  little  weight,  is  supported  bj  < 
light  but  strong  standards,  \ihich  are  bolttd  to  lateral  p 
from  the  flin^es  of  the  field  magnet  cores      These  si 
carrj  tht  arm^turt  bearings 
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The  manner  in  which  the  annature  core  is  built  up  is  also 
interesting.  Upon  the  shaft  arc  keyed  two  stout  cast-iron  discs, 
each  provided  on  its  inner  face  and  near  its  periphery  with  an 
annular  groove.  About  a  dozen  wiought-iron  ribs  are  sprung  into 
the  pair  of  grooves,  so  as  to  bridge  the  space  between  the  discs, 
and  form  a  circular  framework,  round  which  a  number  of  layers 
of  varnished  soft  iron  wire  is  wound.  This  forms  the  complete 
core,  into  which,  however,  a  number  of  wooden  pegs  are  fixed,  to 
guide  the  winding  of  the  coils  and  to  hold  the  wire  in  position. 
Before  the  coils  are  wound  on,  the  core  is  insulated  by  layere  of 
paper  festened  by  means  of  gum-lac. 

The  armature  consists  of  only  three  coils,  and  fig.  216  illus- 
trates, in  the  simplest  manner,  the  way  in  which  they  are  wound. 
The  inner  ends  of  the  p^^  ^,^ 

three  coils  are  soldered 
together,  as  at  D,  and  the 
junction  carefully  insu- 
lated. Startii^  from  this 
junction,  each  coil  is 
wound  over  the  core,  with 
an  angle  of  120°  between  t 
the  middle  portions  of 
the  coils,  the  three  free 
ends  being  joined,  one  to 
each  segment,  a,  b,  or  c, 
of  the  three-part  commu- 
tator, A  view  of  the 
completed   armature    is  ""^ 

shown  in  fig.  217,  and  it  will  be  observed  that  the  overlapping  of 
the  coils  near  the  shaft  causes  the  form  to  become  almost  spheri- 
cal. The  junction  of  the  three  coil-wires  is  shown  at  d,  the  free 
ends,  I,  a,  3,  being  brought  out  on  the  other  side  of  the  armature. 
The  coils,  when  finished,  are  bound  round  with  four  binding 
wires,  aa^  passing  several  times  round  the  armature  to  prevent 
the  coils  '  flying.' 

It  is  essential  that  every  armature  should  be  truly  balanced, 
not  only  mechanically,  but  also  electrically — that  is  to  say,  all  the 
coils  should  be  of  the  same  area,  and  equidistant  from  the  core 
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and  pole-pieces,  so  that  the  inductive  effect  on  each  is  precisely 
the  same,  and  they  should  be  all  of  the  same  length  and  of  the 
same  resistance.     It  is  evident,  therefore,  that  it  would  be  inex- 
pedient to  wind  the 
Fig.  117.  three   coils   in  this 

spherical  armature 
completely  one  over 
the  other.  But  the 
length  and  the  aver- 
age distance  from 
the  core  of  all  the 
coils  is  made  equal 
[  by  a  'very  simple 
method  of  winding. 
Starting  at  the  junc- 
tion D,  half  of  one 
coil  is  wound ; 
then,  120°  further 
round  the  core,  half 
of  the  second  coil 
is  wound ;  yet  an- 
other 120",  and  the  wMe  of  the  third  coil  is  wound.  The  second 
half  of  the  second  coil  is  then  wound  over  its  first  portion,  and, 
finally,  the  remainder  of  the  first  coil  is  wound  over  the  corre- 
sponding first  portion. 

When  the  armature  is  rotated,  currents,  alternating  in  direction, 
are  induced  in  each  of  the  coils ;  the  reversal,  as  usual,  taking 
place  in  each  case  when  the  plane  of  the  coil  is  at  right  angles  to 
the  lines  in  the  resultant  field.  The  reaction  of  the  armature,  of 
course,  distorts  the  field  somewhat,  and  shifts  it  round  through  a 
certain  angle  in  the  direction  of  rotation,  as  shown  by  the  dotted 
line  XY  in  the  lower  part  of  fig.  218.  In  this  figure,  each  radial 
line.  A,  B,  c,  represents  one  of  the  armature  coils,  united  in  the 
centre  and  joined  to  its  respective  commutator  segment.  The 
current  is  collected  along  the  diameter  of  maximum  activity,  x  v, 
by  two  pairs  of  brushes,  d,  e,  a.n.A/,g,  each  pair  being  electrically 
connected.  The  two  brushes  forming  a  pair  are  so  placed  that 
one  presses  on  the  commutator  at  a  distance  equal    to   60°  in 
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front  of  the  other.  The  consequence  of  this  arrangement  is  that 
the  most  active  coil  is  joined  up  in  series  with  the  remaining  two 
less  active  coils,  which  are  joined  together  in  parallel.  In  the 
case  shown  in  fig.  218,  the  coil  a  is  approaching  the  best  position  \ 
while  B  and  c  are  in  the  intermediate  stage,  and  are  therefore 
joined  up  in  parallel.  The  resulting  e.m.f.  is,  consequently,  that 
due  to  the  mean  £.m.f.  of  b  and  c,  added  to  the  separate  e.m.f. 
of  A.  As  the  armature  rotates,  b  approaches  the  best  position,  and 
its  commutator  segment  alone  is  then  in  contact  with  the  brushes 
i/,  tf,  while  0  and  a,  which  are  brought  to  the  intermediate  positions, 
are  joined  in  parallel.  These  changes  are  continually  repeated  as 
the  coils  pass  through  the  different  portions  of  the  field. 

Fig.  3x8. 


As  in  the  case  of  the  Brush  dynamo,  this  machine  being  series 
wound  and  used  on  a  circuit  of  high  resistance  for  driving  a  large 
number  of  arc-lamps  joined  in  series,  the  switching  out  of  any 
of  the  lamps  tends  to  cause  an  increase  in  the  current  strength, 
while,  conversely,  the  switching  in  of  lamps  causes  a  diminution. 
Hence,  in  order  to  keep  the  current  at  a  nearly  constant  strength, 
some  regulating  device  is  necessary.  The  method  adopted  con- 
sists in  simply  altering  the  position  on  the  commutator  of  the  two 
brushes  forming  each  pair.  It  will  be  observed,  from  the  com- 
mutator in  fig.  218,  that,  the  brushes  being  60**  apart,  no  coil  is 
thrown  out  of  circuit  at  any  part  of  the  revolution,  and  this  is  what 
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we  may  call  the  normal  state  of  affairs.  ^Vhen,  hovevez,! 
current  fiEills  in  strength,  each  pair  of  brushes  is  closed  upd 
matically,  so  that  all  the  coils  are,  in  turn,  disconDCctedii 
moment  when  they  are  passing  the  neutral  position,  vk\ 
therefore  nearly  idle.  The  e.m.f.  of  the  two  coils  in  posi^ 
the  mean  of  their  individual  e.m.f.'s,  and  is,  obviously,  ioii 
by  a  comparatively  idle  coil,  so  that,  at  the  moment  when^ 
coil  is  thrown  out,  the  elm.f.  resulting  from  the  other  of  del 
coils  in  question  is  greater  than  it  would  be  were  therbd 
parallel.  If  this  closing  up  of  the  brushes  were  to  tale  |i 
then,  when  the  armature  is  in  the  position  shown  in  the%ac 
comparatively  inactive  coil  b  would  be  disconnected,  aod  il 
joined  to  the  external  circuit  in  series.  The  maximiiBl 
would  be  developed  when  each  pair  of  brushes  is  so  dosed  I 
to  form  practically  one  brush,  in  which  case  the  least  vst^ 
would  be  always  out  of  circuit  and  the  other  two  joised  \ 
series.  From  this  point  any  opening  of  the  brushes  pm  t 
the  coils  in  parallel  for  a  greater  or  less  interval  of  taa^ 
reduces  the  e.m.f.  actually  developed ;  therefore  when  tlieei 
becomes  abnormally  strong,  the  brushes  are  opened  n^ 
E.M.F.,  and,  consequently  also,  the  current,  are  reduced  I 
normal  value.  The  motion  given  to  the  brush>hokie£S  \ 
regulator  is  such  that  the  following  brush  of  each  pair  travel 
times  as  fast  as  the  leading  brush. 

The  brushes  </,  e^  /  g^  are  mounted  on  a  doubie 
having  a  scissors-like  movement  about  a  common  oeat% 
end  of  the  lever  carrying  the  brushes  d  and  /  \&  cotf 
by  the  bar  h  to  the  armature  k,  under  the  electro-fsB^ 
This  armature  is  hinged  at  l,  and  when  the  current  is  ^ 
circuit  becomes  excessive,  k  is  attracted,  d  and  /  are 
over  the  commutator,  while  e  and  g  are  pushed 
simple  combination  of  levers  not  shown  in  the 
electro-magnet  m  and  the  double  solenoid  p  are  bod:  > 
main  circuit  with  the  field-magnets  f  f  and  the  bunp»  K 
normally  m  is  short-circuited  by  wires  whose  circuit  may  ki 
at  xy.  The  contact  x  is  attached  to  the  yoke  of  tbe  tv?^ 
the  solenoids,  and  the  first  effect  of  an  increase  in  tbe  di 
to  raise  the  cores,  break  the  contact  at  xy^  and  so  cassM 
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of  the  current  to  pass  through  m,  which  then  attracts  K  and  opens 
the  brushes.  A  high  resistance  carbon  shunt  is  inserted  at  s  to 
minimise  the  spark  at  xy.  It  will  be  noticed  that  the  end  of  the 
core  of  M  is  shaped  somewhat  pecuharly  and  fits  into  a  corre- 
S{>onding  cavity  in  the  armature ;  this  shape  is  calculated  to  dimi- 
nish the  force  of  attraction  uniformly  as  the  armature  recedes 
from  the  core.  The  r^ulating  apparatus  is  shown  in  position  in 
fig.  31$.  The  small  cylinder  to  the  right  of  the  electro- magnet 
is  a  dash-pot  for  steadying  the  movements  of  the  lever. 

There  is  one  other  device  pertaining  to  the  Thomson- Houston 
to  which  a  reference  is  necessary,  and  which  is  employed  to 
suppress  the  exces-  Fio.  ng. 

sive  sparking  caused 
by  cutting  out  the 
coils  when  fairly 
active  and  which 
would  otherwise 
speedily  destroy  the 
commutator.  The 
segments  are  sepa 
rated  by  air-spaces,  i 
and  just  in  front  of  I 
each  leading  brush  1 
is  placed  a  nozzle  \ 
which  delivers  a 
strong  blast  of  airat 
the  moment  that 
the  brush  breaks 
contact,  and  so  ac 
tually  blows  out  the 
spark.  The  automatic  '  blower '  by  which  these  timely  puffs  are 
delivered  is  shown  in  section  m  fig  219  A  circular  steel  hub, 
H,  is  keyed  on  to  the  shaft,  x,  and  revolves  left  handedly  m  an 
elliptical  chamber  m  the  fixed  box  t  t.  Air  enters  this  chamber 
thraugh  the  apertures  at  it,  which  are  protected  by  wire-gauze 
coverings.  The  hub  h  is  provided  with  three  radial  slots,  in  and 
out  of  which  the  rectangular  ebonite  slips  can  slide  freely.  As 
the  shaft  rotates  these  slips  fly  outwards  by  centrifugal  force,  and. 
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pressing  continually  against  the  walls  of  the  chamber,  force  tb^s 
in  front  of  them  and  out  at  the  holes  a  a,  to  each  of  which  is 
nected  one  of  the  two  nozzles  above  referred  to.    The 
is  fixed  to  the  framework  of  the  machine  in  the  necessary 
for  the  maximum  force  of  the  blast  to  take  place  at  the 
moment,    o  is  a  vessel  from  which  oil  passes  into  the 
chamber  through  the  aperture  /. 

The  machine  illustrated  is  designed  to  supply  a  cuitr 
about  9^^  amperes  to  34  arc-lamps  in  series.  The  amucx 
2  feet  in  diameter,  over  all,  and  the  resistance  of  the  field 
and  of  the  armature  is  in  each  case  lo^  ohms.  ' 

In  addition  to  the  dynamos  which  have  been  described  mdl 
and  the  preceding  chapters,  there  are  many  others  tovhidi 
scope  of  this  work  has  not  permitted  us  to  refer,  although  scad 
them  are  well  worthy  of  study.  We  believe,  however,  thit  d 
enough  has  been  said  to  give  the  student  a  good  insight  \sis,i 
science  of  dynamo-building  as  it  is  now  practised.  Wbesi 
have  given  sectional  views  or  working  drawings,  they  hawfcri 
most  part  been  specially  prepared  for  this  work  and  refcl 
machines  manufactured  since  the  summer  of  1889.  ! 

A  comparison  of  these  chapters  with  works  of  a  simihr  dd 
ter  published  a  few  years  ago,  will  show  that  the  modem  ad 
in  dynamo  design  is  towards  simplification  and  unifoo!?! 
detail.  As  an  example  of  the  latter,  we  may  cite  the  cons&sd 
of  commutators,  in  which  the  materials  now  employed  aie  afl^ 
always  exactly  alike,  while  in  the  manner  of  building  up  tkd 
so  as  to  prevent  the  sections  flying  out,  there  is  veiy  \ski 
difference  to  be  found.  This  similarity  is  what  might,  pefissM 
anticipated,  for  if  the  vast  number  of  experiments  whick 
been  performed  by  the  various  manufacturers  to  determicir 
is  the  best  appliance  to  perform  a  given  kind  of  work,  hz^- 
equally  exhaustive  and  accurate,  an  almost  identical  resux: 
have  been  arrived  at.  Thus,  no  metal  has  been  found 
hard-drawn  copper  for  the  bars  of  a  commutator,  whik 
extremely  difficult  task  of  satisfactorily  insulating  these  b23 
case  of  a  closed-coil  commutator,  nothing  has  been  ddc 
which  approaches  mica ;  indeed,  were  this  mineral  not  ai 
it  is  probable  that  some  alteration  would  have  had  to  be 
in  the  general  design. 
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reat  things  were  at  one  time  expected  of  asbestos  for 
iting  purposes,  but  it  proved  to  be  a  good  absorbent  of  oil 
'as  charred  by  the  sparking,  while  the  adhesion  of  metallic 
les  abraded  from  the  bars  and  brushes  soon  developed  a 
r  or  less  amount  of  short-circuiting  with  its  concomitant 

A  somewhat  similar  result  attended  the  use  of  simple  air- 
\  for  insulating  the  bars,  for  the  metallic  dust  or  scrapings 
inlated  sooner  or  later  at  the  bottom  of  the  spaces,  which, 
numerous,  were  necessarily  narrow.  Occasionally  a  special 
is  given  to  a  commutator ;  for  instance,  that  of  the  small 
'  shown  in  fig.  134  is  built  against  the  end  of  the  armature, 
lividual  bars  being  disposed  radially.  The  object  here  is  to 
the  length  of  the  machine.  A  special  commutator  is  also 
red  with  the  machine  illustrated  in  fig.  221,  the  object  of 
is  explained  in  the  description. 

lin,  the  lamination  of  the  core  of  an  ordinary  cylinder  or  of 
armature  is  a  matter  upon  which  little  doubt  now  exists,  for 
certain  as  it  well  can  be  that  the  magnetic  resistance  should 
t  as  low  as  practicable,  a  result  only  to  be  arrived  at  by 
!g  metallic  continuity  in  the  direction  of  the  lines  of  force 
ng  extremely  thin  insulation ;  while,  on  the  other  hand,  the 
ton  must  be  carried  far  enough  to  sufficiently  reduce  the 
urents.     Nothing  better,  therefore,  can  be  devised  than  a 

thin  iron  plates  of  high  permeability,  separated  by  the 
t  possible  layer  of  insulating  material,  the  only  doubtful 
eing  the  thickness  of  the  plates.  Such  experiments  as 
ferred  to  at  the  end  of  the  preceding  chapter  may  help  to 
his  point,  and  it  is  just  possible  that  by  this  means  some 
knowledge  may  eventually  be  gained  which  will  enable  the 
sses  in  the  core  to  be  minimised. 

I  regard  to  the  closed-coil  armatures  it  is  probable  that  the 
or  ring  form  will  in  the  future  be  even  less  frequently 
id  than  it  is  now,  the  drum  type  with  a  simple  field,  and 
disc  with  a  multipolar  field,  having  been  proved  to  possess 
f  important  advantages.  Thus,  again,  we  see  that  the 
f  experience  is  to  reduce  the  number  of  types  to  one  or 
inctive  ones,  whereas  a  few  years  ago  almost  every  in- 
machine  might  be  said  to  be  of  a  class  peculiar  to  itself. 
ed,  the  principal  difference  now  apparent  in  the  con- 
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struction  of  dynamos  is  in  the  form  and  arrangement  of  the 
magnets,  and  these  matters  are  frequently  determined  by 
circumstances.     For  example,  one  maker  may  have  tools 
of  doing  a  class  of  work  altogether  out  of  the  question  at  as 
factory.     Or,  again,  the  question  of  weight  may  have  to  be 
into  account,  dictating  the  use  of  wrought-iron  where  ods 
cast-iron  would  be  the  more  economical. 

The  theoretical  form  of  field-magnet,  circular  in  secdoa  Is 
to  require  the  minimum  amount  of  wire),  and  made  of  soft  iroB  vi 
out  molecular  discontinuity,  is  too  expensive  and  inconveniflll 
be  rigidly  followed,  especially  in  large  machines.  Equally  po«d( 
fields  can  be  produced  with  rather  more  copper  wire  and  x  ii 
greater  expenditure  of  power  in  the  field-magnet  coils  brtbei 
partially  or  entirely,  of  cast-iron,  with  close-fitting  joints. 

The  great  variety  in  the  form  of  field-magnets  is  also  lafl 
due  to  the  difference  in  the  views  of  the  various  makers  as  bbI 
method  of  obtaining  the  most  economical  construction.  Vml 
now  manufacture  dynamos  with  the  armature  at  the  lower 
tremities  of  a  pair  of  vertical  field-magnets,  where  slabs  of 
frames  of  gun-metal  have  to  be  interposed  between  the  pok 
and  the  iron  bed-plate,  to  reduce  the  magnetic  leakage, 
times  this  type  is  adopted  in  order  to  economise  space  zsL 
the  machine  as  squat  or  short  as  possible,  three  coils  bea? 
wound  on  the  field-magnet,  one  on  each  leg  and  the  third  oe 
we  are  accustomed  to  call  the  yoke. 

The  purpose  for  which  dynamos  are  most  frequently 
is  to  light  a  number  of  incandescent  lamps  joined  up  in 
circuit.    It  is  necessary  to  maintain  a  constant  potential 
at  the  terminals  of  these  lamps,  say  of  no  volts,  and 
quently  the  machine  employed  should  be  shunt-woond, 
very  low  resistance  in  the  armature  ;  or,  if  the  numbo^  of 
likely  to  be  subject  to  considerable  variation,  the  machiac 
be  compound-wound.     For  the  important  work   of 
secondary  batteries,  a  simple  shunt-wound  machine  is  t^ 
suitable.     A  series  dynamo  is,  of  course,  capable  of 
this  work,  'but  it  requires  to  be  used  wth  extreme  care, 
the  electro-motive  force  of  the  cells  rises,  its  oppositkxn  to 
the  machine  becomes  more  pronounced  and  the  cnnc^ 
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in  value.  The  polarity  of  the  field-magnets  may,  indeed,  be 
eventually  reversed,  when  the  current  from  the  cells  will  drive  the 
machine  as  a  motor.  On  the  other  hand,  when  using  the  shunt- 
machine  the  electro-motive  force  of  the  cells  tends  to  increase  the 
current  passing  through  the  field  coils,  whence  the  danger  of 
reversal  is  diminished. 

Many  dynamos  are  now  employed  for  the  deposition  of  metals, 
electroplating,  &c.,  and  for  this  purpose  they  are  required  to 
furnish  very  heavy  currents  at  a  low  potential  difference.  They 
are  frequently  series-wound  and  it  is  necessary  that  the  internal 
resistance  should  be  extremely  low,  otherwise  considerable  power 
v^ould  be  wasted  by  the  passage  of  the  currents,  which  sometimes 
exceed  1,000  amperes.  To  obtain  this  low  resistance  a  drum 
armature  may  be  constmcted  with  very  massive  bars  for  the  active 
conductors,  the  field-magnet  coils  consisting  of  a  few  convolu- 
tions of  massive  copper  band.  An  electro-motive  force  of  from 
six  to  eight  volts  is  usually  ample,  and  this,  notwithstanding  that 
there  are  but  comparatively  few  active  conductors  round  the 
armature,  can  be  obtained  without  the  necessity  for  driving  at  a 
high  speed.  But  it  is  not  an  easy  matter  to  secure  these  massive 
bars,  and  consequently  many  machines  are  made  with  a  number 
of  fairly  thick  wires  joined  up  in  parallel  to  form  one  conductor. 
In  order  to  reduce  as  far  as  possible  the  loss  of  energy  at  the 
commutator  it  is  essential  that  the  brushes  should  be  large,  and 
the  amount  of  contact  surface  considerable.  A  large  machine, 
somewhat  similar  in  appearance  to  that  depicted  in  fig.  185,  has 
been  constmcted  for  electro-deposition  work  ;  it  develops  the 
comparatively  high  e.m.f.  of  50  volts,  and  can  yield  1,000  amperes 
at  a  speed  of  350  revolutions. 

Multipolar  machines,  as  has  already  been  indicated,  afford  a 
means  of  easily  securing  mechanical  strength  with  extremely  low 
resistance. 

For  supplying  current  to  a  number  of  pieces  of  apparatus 
joined  up  in  series,  whether  arc-lamps,  low-resistance  incandescent 
lamps,  or  motors,  it  is  necessary  to  maintain  a  constant  current 
under  all  conditions.  The  two  open-coil  machines  described  in 
this  chapter,  and  the  dynamo  illustrated  in  fig.  194,  are  suitable 
for  this  class  of  work. 

D  D 
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CHAPTER  XIL 

MOTORS  AND  THEIR  APPLICATIONS. 

We  must  now  give  some  attention   to  the  important  d» 
dynamo-electric  machines  employed  for  thepmposeofooavsli 
at  any  desired  point,  energy  supplied  to  the  machine  in  tfaci^ 
of  electricity,  into  energy  in  the  form  of  mechanical  modac. 

In  its  widest  sense  this  conversion  rests  upon  the^^ 
whenever  any  of  the  lines  of  force  forming  part  of  two 
generated  magnetic  fields  traverse  a  common  space,  tfase 
decided  action  between  the  two  sets  of  lines,  the  tendency 
to  so  alter  their  paths  that  as  many  lines  as  possible  shall 
in  direction.  By  bearing  in  mind  this  simple  general  nfc 
difficulty  should  be  experienced  in  predicting  the  resaks 
will  follow,  even  in  complicated  cases.  This  mutual  actioa 
place  independently  of  the  means  by  which  the  fields » 
veloped,  whether  by  currents  in  two  wires  (straight  or  ooileA 
or  without  cores),  or^by  permanent  magnets  ;  or,  the  00c 
a  current  in  a  wire  and  the  other  by  a  magnet  In  tiie 
make  the  coincidence  a  maximum,  both  fields  are  distorted 
the  configuration  which  they  would  independently  ha?e 
and  this  configuration  is  again  assumed  immediatdj^ 
removed  from  each  other's  influence.  Consequently,  wk« 
lines  of  force  pertaining  to  two  fields  approach  each  (ste 
mutual  action  sets  up  a  stress,  the  effect  of  which  is  a 
impart  such  a  motion  to  the  material  substances  (whete* 
bar  or  a  conducting  wire),  employed  in  generating  the  fi^ 
make  them  take  up  positions  in  which  the  lines  of  toe 
both  fields  coincide  to  the  greatest  possible  extent  Hi^ 
the  fields,  the  greater  is  the  force  thus  acting,  and,  if 
strong,  mechanical  motion  is  imparted  to  that  body  wiiicb 
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the  more  freely.  For  instance,  suppose  one  field  to  be  a  simple 
one  developed  between  the  two  pole-pieces  of  a  powerful  field- 
magnet  such  as  has  been  described,  and  the  other  field  to  be 
generated  by  a  current  in  a  circular  loop  of  wire.  If  the  loop  is 
placed  vertically  with  its  edges  towards  the  pole-pieces,  that  is, 
with  its  plane  parallel  to  the  lines  of  force  of  the  field-magnet, 
then  the  lines  of  its  own  field  will  be  projected  at  right  angles  to 
those  of  the  other,  and  the  field-magnets  being  too  massive  to  move, 
the  loop  will,  if  fi-eely  suspended,  immediately  turn  round  through 
90®,  when  the  lines  of  force  of  the  other  field  thread  through  it  in 
the  same  direction  as  its  own  lines.  If  free  to  move  in  any  direc- 
tion, its  ultimate  position  of  rest  will  be  in  the  densest  portion  of 
the  field,  where  the  number  of  lines  passing  through  it,  and  coin- 
ciding in  direction  with  its  own  lines,  is  a  maximum.  If  the 
current  through  the  loop  is  then  reversed  in  direction,  it  will  turn 
completely  round  until  the  lines  of  both  fields  again  coincide. 

We  have  thus  a  means  of  imparting  mechanical  motion  to  a 
material  substance,  in  this  case  a  loop  of  wire  ;  and  a  continual 
rotatory  motion  can  be  maintained  by  reversing  the  current  in  the 
loop  at  the  right  moment,  viz.  just  when  its  momentum  has  carried 
it  a  little  beyond  the  point  which,  in  the  absence  of  this  reversal, 
would  be  its  position  of  rest.  It  remains  to  be  seen  how  the 
principle  is  practically  applied,  on  a  scale  such  that  the  force  with 
which  the  movable  body  is  urged  into  a  new  position  may  amount 
to  many  horse-power. 

Referring  to  the  simple  case  of  a  closed-coil  armature  with  a 

two-part  commutator,  as  illustrated  in  fig.  149,  it  will  be  observed 

that  if  a  current  is  sent  through  the  two  coils  in  parallel,  while  in 

the  position  shown,  no  movement  results  when  the  direction  of 

the  current  is  such  that  the  Imes  of  force  due  to  it  coincide  in 

direction  with  those  of  the  fixed  field.     This  is  the  position  of 

rest  for  the  armature,  and  if  the  current  in  it  is  reversed,  it  will 

make  a  complete  revolution  until  the  same  coincidence  again 

exists.     Now  the  current  can  be  supplied  by  brushes  pressing  on 

the  commutator  segments,  and  so  placed  that  each  segment  slides 

into  contact  with  a  fresh  brush  directly  the  position  of  rest  is 

arrived  at     By  this  means  the  current  will  be  reversed,  and  a 

continuous  rotation  kept  up.     With  only  two  coils,  the  armature 

D  D  2 
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might  come  to  rest  suddenly  at  a  dead  point,  and  would  not  5:: 
again  from  such  a  position  ;  but  the  number  of  coils  can  be  fr 
creased  with  advantage  until  we  have,  practically,  an  araas 
similar  to  those  used  in  generators.  On  a  current  being « 
through  such  an  armature,  each  coil  strives  to  set  itself  wiiftj 
plane  at  right  angles  to  the  field,  in  which  position  the  coinci^^ 
of  the  two  sets  of  lines  is  at  a  maximum.  Immediately  the 
arrives  at  this  point,  the  current  in  it  is  reversed,  causing  i 
exert  a  similar  force  in  the  same  circular  direction,  during 
half  revolution. 

The  armature  may  be  of  the  ring,  drum,  or  flat-disc  type, 
it  fortunately  happens  that  most  of  the  principles  underiytag 
design  and  construction  of  a  good  generating  dynamo,  hold  ei 
well  for  a  motor.  The  fixed  field  is  usually  supplied  by  po«aa 
electro-magnets  as  in  the  case  of  generators,  these  being  aaJ 
by  a  current  from  the  same  source  as  that  which  supplies  ^ 
armature.  Many  of  the  troubles  which  in  dynamos  are  arafli 
or  reduced  by  the  employment  of  a  fixed  field  sufficiently  ara?^ 
overpowet  that  developed  by  the  armature,  are  also  inheieEisI 
motor,  and  may  be  avoided  by  the  same  arrangement.  Bm  aj 
motor  the  question  of  weight  is  frequently  of  considerabdf^ 
portance.  For  instance,  the  machine  may  be  employed  lor  A 
purpose  of  propelling  a  vehicle,  and  in  such  cases  the  wa^i 
the  motor  is  added  to  that  of  the  vehicle,  and  involves  a  projji 
tionally  increased  expenditure  of  power  in  moving  it  A^( 
constructing  a  motor,  even  more  care  must  be  exercised  thjs  m 
a  dynamo,  in  rendering  the  armature  able  to  resist  sudden  bfl^ 
stresses  without  risk  of  damage,  the  reason  for  wiiich  «; 
more  apparent  presently. 

We  have  already  learned  that  when  a  conductor  moves  rkr. 
a  magnetic  field  in  such  a  manner  that  it  cuts  the  lines  ct 
transversely,  an  e.m.f.  is   induced  in  the  wire,  this  e.«-^ 
pending  upon  the  density  of  the  field  and  the  velocity  of  the 
the  cause  which  sets  the  wire  in  motion  being  quite  i 
And  if  an  independent  current  is  already  flowing  in  the  ««» 
electro-motive  force  induced  by  the  motion,  will  either 
increase  or  decrease  this  current,  according  to  its  directiasi 
when  a  wire,  free  to  move,  is  placed  in  a  certain  posits* 
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magnetic  field,  and  a  current  is  sent  through  it,  it  quickly  moves 
to  a  new  position.  But  in  the  very  act  of  moving  across  the 
field,  the  wire  cuts  the  lines  of  force,  and  an  electro-motive  force 
is  consequently  induced  in  it.  As  such  reactions  always  tend  to 
stop  the  motion  of  the  moving  body,  and  as  any  reduction  in  the 
current  must  necessarily  reduce  the  force  with  which  the  wire  is 
moved  (by  the  mutual  action  between  the  fields),  the  induced 
E.M.F.  must  oppose  and  reduce  the  current  which  is  flowing. 

In  consequence  of  this  *  counter-electromotive-force,*  the  current 
which  a  given  external  source  of  e.m.f.  can  send  through  a  motor, 
varies  with  the  speed  at  which  the  wire  of  the  movable  part  of  the 
machine  is  at  the  moment  cutting  the  lines  of  force  of  the  field. 
When  the  revolving  part  is  forcibly  restrained  from  moving,  the 
current  is  at  its  maximum,  being  simply  the  quotient  of  the  e.m.f, 
divided  by  the  resistance.  But  when  it  is  allowed  to  move,  the 
current  immediately  falls  in  value,  and  the  higher  the  speed,  the 
feebler  is  the  strength  of  the  current.  This  may  be  observed 
experimentally  by  placing  an  ammeter  in  circuit  with  a  battery 
and  a  motor,  and  then  varying  the  speed  of  the  latter. 

Now,  any  one  of  the  dynamos  hitherto  described  can  be  used 
as  a  motor.  For  instance,  we  may  take  a  direct- current  series- 
wound  machine,  and,  by  simply  passing  a  current  through  it  from 
a  battery  of  secondary  cells,  can  cause  the  armature  to  rotate 
rapidly.  The  force  with  which  the  armature  moves,  depends  upon 
the  strength  of  the  fields  produced  by  it  and  by  the  field-magnet, 
and  these  in  their  turn  depend  upon  the  strength  of  the  current. 

The  internal  resistance  of  a  secondary  battery  is  very  low,  and 
if  that  of  the  machine  is  also  low,  an  enormous  current  will  pass 
while  the  armature  is  at  rest ;  sufficiently  strong,  if  maintained 
for  any  length  of  time,  to  damage  it.  But  immediately  the 
armature  begins  to  move,  this  enormous  current  falls,  until  pre- 
sently the  speed  of  rotation  and  the  counter-electromotive-force 
may  become  so  high  that  only  a  very  small  current  can  flow,  the 
force  with  which  the  armature  turns,  or  the  torque,*  being,  of 
course,  also  considerably  reduced.     This  variation  is  extremely 

1  The  '  torque '  is  the  moment  of  the  force  which  tends  to  cause  rotation.  In 
this  case  it  is  equal  to  the  length  of  the  arm,  that  is,  the  radius  of  the  armature, 
multiplied  by  the  pull  at  the  circumference  on  the  conductor. 
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convenient  in  some  cases ;  for  example,  when  a  motor  is  empte 
to  propel  a  tram-car,  it  is  required  to  exert  very  much  gKff 
power  to  start  the  car  from  rest,  than  to  keep  it  in  modon  a^: 
has  been  started.  It  is  just  when  the  car  and  the  aimatoie  dtit 
machine  are  at  rest,  that  an  enormous  current  can  be  sent  tkoc^ 
the  machine,  and  a  correspondingly  great  power  exerted  on  ai 
shaft ;  while  the  current  falls  to  a  safe  value  when  a  start  has  bos 
effected,  and  before  any  damage  can  be  done  to  the  maducs:!) 
over-heating.  The  necessity  for  its  being  able  to  resist  sA 
sudden  heavy  stresses  as  that  caused  by  the  effort  to  stait  v^l 
heavy  load,  requires  exceptional  care  to  be  exercised  in  ^ 
mechanical  construction  of  a  motor  armature.  Special  attenai 
is  here  directed  to  the  machine  illustrated  in  fig.  189 ;  invhkiitbe 
armature  conductor  lies  in  deep  narrow  slots  in  the  core,  CTSf 
plate  of  which  bears  directly  against  the  shaft,  the  whole  conanc- 
tion  being  such  as  to  render  the  armature  able  to  withstazidJi 
enormous  torque  without  injury. 

Supposing  the  field  to  be  unaltered,  the  direction  of  ^ 
current  in  the  armature  of  a  machine  when  used  as  a  nwe^ 
must  be  the  reverse  to  its  direction  when  used  as  a  gcDoal^ 
if  the  direction  of  rotation  is  desired  to  be  the  same  in  eai 
case ;  indeed,  we  have  just  seen  that  the  counter-E.M.F.  gen««i 
is  opposite  to  that  which  produces  the  driving  current  Tto" 
fore,  if  the  direction  of  the  driving  current  is  the  same  as  ^ 
which  would  be  developed  by  the  machine  itself,  the  connedi* 
of  the  armature  or  of  the  field-magnets  of  a  series  dynaino  eci 
be  reversed  ;  or  if  a  rotation  in  the  opposite  direction  is  desred 
the  connections  should  be  left  unaltered,  and  the  brushes  ts3d\ 
round  to  suit  the  reversed  rotation.  A  shunt  dynamo,  on6fr 
other  hand,  will,  without  any  alteration,  turn  in  the  same  diieca* 
if  an  E.M.F.  opposite  to  that  developed  by  it  as  a  geoenW* 
applied  to  its  terminals,  for  the  current  through  the  annaDB*  * 
then  in  the  reverse  direction,  while  that  through  the  fidd-iwp* 
coils  is  the  same  as  before.  This  will  be  apparent  <mi  inspc*** 
of  the  diagrams  of  the  shunt  dynamo  connections  given  in  ^ 
159  and  160  ;  when  employed  as  a  generator  the  ficki-sa(^ 
coils  form  a  shunt  to  the  external  circuit,  but  when  used  as  a  d«^ 
these  coils  act  as  a  shunt,  to  the  armature. 
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The  distortion  of  the  field  observed  when  a  machine  is  used 
a  generator  also  occurs  when  it  is  employed  as  a  motor,  because, 
en  the  brushes  are  at  zero,  the  lines  of  force  of  the  armature 
d  are  at  right  angles  to  those  of  the  field-magnets.  But  the 
ection  of  the  current,  and  therefore  of  the  lines  of  force,  being 
ersed  in  the  case  of  a  motor  armature,  the  direction  of  the 
altant  field  is  also  different.  The  amount  of  the  distortion 
tends,  obviously,  upon  the  relative  strengths  of  the  two  fields, 
s  very  slight  when  the  field-magnets  overpower  the  armature, 
;  in  sdl  cases  the  direction  of  the  resultant  field  is  such  that  the 
tshes  must  be  shifted  backward  to  place  them  on  a  diameter 
^ht  angles  to  the  lines  of  force,  and  so  to  avoid  sparking. 
The  distortion  of  the  field  of  a  motor  is  illustrated  in  fig.  2  20, 
Ich  should  be  compared  with  the  corresponding  figure  (156)  for 


<"" 


enerator.  The  density  of  the  lines  of  force  is  greater  at  the 
DS  A  A  which  the  armature  is  approaching,  and,  as  a  conse- 
nee,  any  irregular  distribution  of  iron  in  the  armature  core 
ses  stronger  eddy  currents  and  develops  more  heat  at  these 
:es»  than  at  the  horns  b  b  from  which  the  armature  is  receding, 
a  the  case  of  a  dynamo.  With  an  ordinary  armature,  however, 
t  heating  is  not  very  great,  and  in  all  cases  it  is  influenced  to  a 
tain  extent  by  the  fact  that  a  current  of  cold  air  is  drawn  in  at 
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A  A  and  ejected  somewhat  wanner  at  b  b.  In  the  case  of  a  noftx 
therefore,  this  air  current  tends  to  reduce,  and  in  the  case  d ; 
generator  to  increase,  the  difference  of  temperature  between  i 
two  horns  of  each  pole-piece. 

The  current  through  the  armatiu-e  of  a  motor  frequently  rm 
considerably,  and  this  may  cause  a  shifting  of  the  resultant  iA 
and  therefore  also  necessitate  an  alteration  in  the  position  of  % 
brushes,  but  in  all  cases  a  reduction  in  the  an^e  of  kid,  a 
immunity  from  sparking  with  a  variation  of  the  armature  asaeu 
may  be  obtained  by  employing  a  very  powerful  field  lelatiFdlT* 
that  produced  by  the  armature.  But  this  necessitates  consider 
weight,  especially  in  the  field-  magnet  cores.  Hence,  the  supoioci 
of  wrought-iron  of  high  permeability  is  apparent,  although  cm 
when  this  is  used  the  weight  of  a  motor  built  ufKxi  this  pnoope 
is  still  considerable.  As  we  shall  see  presently,  the  most  efewe 
plan  of  constructing  a  light  but  efficient  machine  is  to  ma^ 
that  the  armature  field  shall  be  very  powerful  and  reinforoe  ^ 
of  the  field-magnets,  special  precautions  being  taken  to  prnoi 
the  sparking  which  would  otherwise  ensue.  But  at  the  same  ok 
it  must  be  remembered  that  the  advantages  accruing  to  the  cse* 
powerful  field-magnets,  even  at  the  expense  of  extra  we^t,aK  a* 
lightly  to  be  thrown  away ;  and  that  in  ordinary  cases  it  is  ffl^ 
true  economy  to  sacrifice  much  in  order  to  save  a  little  weigk- 

The  electrical  power  may  be  supplied  either  at  a  cansa* 
pressure,  or  constant  current ;  in  the  former  case  reguhbcE  i 
comparatively  easy,  while  in  the  latter  greater  economy  in  theda* 
bution  of  power  can  sometimes  be  effected.  Supposing  a 
potential  to  be  maintained  at  the  terminals  of  a  shunt 
motor  ;  the  current  through  the  field-magnet  coils  will  ahnj* 
the  same,  and  therefore  the  strength  of  the  field  remains 
but  the  current  through  the  armature  depends  upon  the  sged^ 
rotation,  being,  in  fact,  determined  by  the  excess  of  the  «ffc^ 
electro-motive  force  over  the  counter-electro-motive  ftiroe. 
posing  the  machine  to  be  employed  in  driving  a  txam-car;  6* 
for  example,  when  the  car  commences  to  mount  an  indiae.* 
armature  shaft  is  called  upon  to  perform  additional  wort 
tends  to  reduce  the  speed  of  rotation  ;  this,  however,  by 
the  counter-electro-motive  force,  immediately  allows  a 
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current  to  pass  through  the  armature,  and  affords  the  necessary 
electrical  power  to  perform  the  extra  work.  On  the  other  hand, 
should  the  car  be  allowed  to  attain  a  high  speed  in  descending  an 
incline,  the  counter-E.M.F.  would  reach  a  high  value,  so  high  in 
fact  that  very  little  current  would  pass  through  the  armature, 
whence  very  little  electrical  power  would  be  expended.  The  de- 
mand upon  the  source  of  the  electrical  power  is  thus  to  a  certain 
extent  automatically  regulated  in  a  very  simple  manner  according 
to  the  requirements,  and  this  effect  of  the  counter-electro-motive 
force  obtains,  whatever  the  purpose  may  be  for  which  the  machine 
is  employed. 

If  the  armature  resistance  is  extremely  low  and  that  of  the 
shunt-coils  high,  and  if  the  field-magnet  develops  a  much  greater 
field  than  the  armature,  the  variation  of  lead  will  be  but  slight, 
and  further,  the  machine  will  to  a  great  extent  be  self-regulating 
as  regards  speed.  But  since  these  conditions  are  not  always 
obtained  in  a  motor  to  the  same  extent  as  in  a  dynamo,  chiefly  on 
account  of  the  anxiety  to  reduce  the  weight,  few  shunt  motors  are 
sufficiently  self-regulating  to  meet  all  requirements.  We  have 
seen  that  when  an  additional  load  is  thrown  on  the  motor,  the 
resulting  reduction  in  speed  immediately  allows  the  passage  of  a 
stronger  current  through  the  armature  ;  but  if  the  speed  is  to  be 
kept  constant,  the  counter-electro-motive  force  also  will  be  con- 
stant, and  then  the  current  through  the  armature  can  hardly  vary 
at  all,  so  that  the  two  conditions  are  opposed  to  each  other.  But 
by  reducing  the  strength  of  the  field  developed  by  the  field- 
magnets,  the  counter-E.M.F.  can  also  be  reduced,  and  therefore 
a  stronger  current  can  be  passed  through  the  armature  when 
rotating  at  a  given  speed.  It  is  necessary,  then,  to  devise  some 
means  of  reducing  the  strength  of  the  field  when  the  load  is 
increased  and  the  current  in  the  armature  rises.  The  simplest 
way  of  accomplishing  this  is  to  place  a  few  turns  of  thick  wire 
round  the  limbs  of  the  field-magnet,  in  series  with  the  armature, 
but  wound  in  such  a  manner  as  to  magnetically  oppose  the  shunt- 
coils  instead  of  assisting  them,  as  in  the  case  of  a  compound- 
wound  generator.  The  effect  of  these  series-turns  in  weakening 
the  field  becomes  greatest  when  the  armature  current  is  strongest, 
and  vice  versd ;  but  it  should  be  observed  that  since  the  strongest 


41  o  Electrical  Engineering  auri. 

current  which  can  pass  through  the  armature  does  so  when:: 
at  rest,  the  armature  may  start  in  either  direction  as  detracsi 
by  the  shunt-coil  field,  or  the  field  produced  by  the  heavy  cjss  \ 
in  the  series-windings.  To  avoid  any  uncertainty,  it  is  iis3l  : 
lead  the  ends  of  the  two  windings  and  of  the  armature  sepasza 
to  the  switch-board,  and  to  reverse  the  current  through  the  ^^ 
windings,  so  that  both  shunt-  and  series-coils  act  togethft 
developing  a  strong  field  at  the  moment  of  starting,  the 
turns  being  joined  up  in  the  normal  manner  when  the  speed  zdi 
above  a  certain  value- 

The  field  of  a  shunt  motor  may  also  be  weakened  by  'wssm 
resistance-coils  as  required,  either  by  hand  or  automaticadlj,  (x\ 
altering  the  ampere-turns  in  any  other  manner.  It  appears  j!  tti 
sight  somewhat  paradoxical  that  the  speed  of  a  motor  caa  hi 
increased  by  reducing  the  strength  of  the  field,  but  the  t^osb 
of  the  counter-electro-motive  force  of  the  armature,  as  masssd 
above,  satisfactorily  explains  the  matter.  The  case  for  a  safl 
motor  fed  with  a  constant  current  is  difierent,  and  the  disnacflc 
must  be  clearly  borne  in  mind.  If  the  load  is  decreased,  eU 
speed  increases,  and  so  gives  rise  to  a  higher  cottnter-ciLr^  ^ 
the  generator  responds  to  this  and  maintains  the  current  coasatf 
Consequently  the  speed  of  the  machine  increases  eDonDas# 
when  the  load  is  lightened  to  a  great  extent,  and  it  istkoM 
unless  care  is  taken  considerable  damage  may  be  done.  I^ 
weakening  of  the  field  of  a  series  motor  reduces  the  power  gin^ 
out,  and  therefore,  also,  reduces  the  speed  if  the  load  ac^  ^ 
current  through  the  armature  are  unaltered.  The  alteration  wM 
strength  of  the  field  is  conveniently  effected  by  shunting  tk  fieU 
magnet  with  a  variable  resistance,  and  the  application  of  ooesal 
method  will  be  considered  presently.  We  shall  also  re:^  lo  a^ 
manner  in  which  highly  successful  results  have  been  achieved*] 
means  of  series  motors  supplied  at  a  constant  pot^itiaL 

Only  a  portion  of  the  power  given  electrically  to  a  matari 
converted  usefully  into  mechanical  power,  a  part  being  spe^* 
heating  the  armature,  field-magnet  coils,  &a  \Vhen  the 
is  at  rest  the  whole  of  the  electrical  power  absorbed  by  the 
is  so  converted  into  heat,  and  the  efiSciency  of  the  machiiK.  ^ 
is,  the  ratio  of  the  useful  power  obtained  on  the  shaft  to  tbet^ 
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power  supplied,  is  at  its  lowest  value,  viz.  nought.  When  the 
armature  is  moved,  the  useful  performance  of  work  begins,  and  as 
the  current  also  falls  in  strength,  the  power  wasted  in  heating 
decreases.  The  higher  the  speed  of  rotation,  the  higher  becomes 
the  counter-£.M.F.,  and  the  less  becomes  the  power  wasted  as  heat 
in  the  conductors ;  in  fact,  the  ratio  of  the  power  usefully  ab- 
sorbed by  the  motor  to  the  whole  power  supplied,  is  very  nearly 
proportional  to  the  ratio  of  the  counter- e.m. P.,  to  the  E.M.F. 
applied  at  the  terminals  of  the  machine.  The  efficiency  of  the 
machine  is  therefore  highest  when  the  load  is  a  minimum,  that  is, 
when  it  is  doing  least  work  per  revolution,  while  the  torque,  or 
the  force  with  which  the  armature  tends  to  rotate,  is  greatest  when 
the  load  is  sufficiently  great  to  prevent  the  armature  turning,  and 
when,  therefore,  it  is  doing  no  external  work  at  all.  Now  when  a 
motor  is  running  at  a  high  speed  it  performs  very  little  work 
indeed  during  one  revolution,  although,  the  number  of  revolutions 
being  great,  a  considerable  amount  of  work  may  be  performed 
during  a  given  interval  of  time,  say  one  minute.  On  the  other 
hand,  when  the  speed  is  very  low,  the  amount  of  work  per  revolu- 
tion is  comparatively  great,  but  the  small  number  of  revolutions  per 
minute  prevents  the  quantity  of  work  reaching  during  that  interval  a 
very  high  value.  By  considering  these  two  extreme  cases,  it  might 
be  supposed  that  there  is  a  certain  intermediate  speed  of  rotation 
at  which  the  work  performed  by  any  given  motor  is  a  maximum. 
This  is  the  case,  and  the  speed  of  a  motor  at  which  it  can  perform 
the  maximum  amount  of  work  per  minute  is  that  speed  at  which  the 
counter-electro-motive  force  becomes  equal  to  the  electro-motive 
force  applied  at  the  terminals.  This  result  is  quite  independent 
of  the  efficiency  of  the  conversion,  which,  as  we  have  seen,  in- 
creases with  the  speed  of  rotation. 

In  fig.  221  is  illustrated  a  motor  which  was  constructed  by 
Messrs.  Goolden  for  an  electric  launch.  The  field-magnet  is  of 
the  single  horse-shoe  shape,  the  cores  being  of  wrought-iron,  secured 
to  a  wrought-iron  yoke-piece  by  two  horizontal  bolts.  On  the 
outer  side  of  each  pole-piece  is  a  gun-metal  supporting  bracket 
with  two  flanges,  shaped  to  fit  the  ribs  of  the  boat.  One  bracket 
(that  at  the  back  in  the  figure)  is  extended  on  either  side  to  form 
the  bearings  for  the  armature  shaft. 
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The  machine  is  shunt-wound,  the  field -magnet  coils  a3^s\ 
of  2,680  convolutions  of  No.  14  s.w.g.,  having  a  resistaiia ) 
6-96  ohms.  The  armature  is  of  the  drum  type,  and  is  woonil  <* 
two  No.  14  S.W.G.  wires  in  parallel,  there  being  116  conTolcm 
of  this  double  wire,  giving  a  resistance  from  brush  to  braii 
02  ohm.  Each  section  has  six  turns,  so  that  there  are  thiri^ 
bars  in  the  commutator,  which  is  insulated  throughout  with  ffii 
The  adjacent  end  of  the  armature  is  covered  by  radial  extenai 
of  the  commutator  bars,  the  mica  insulation  being  also  e 


to  the  periphery.  The  other  end  of  the  armature  isco«-eredl» 
metal  plate  of  an  equal  diameter,  the  rest  of  the  aniudiri;  bfl 
enveloped  by  a  waterproof  material  securely  banded  on-so* 
the  whole  is  rendered  completely  watertight.  The  annsiure^ 
is,  at  the  end  remote  from  the  commutator,  coui^ed  direa  » ' 
the  shaft  of  the  propeller.  The  armature  brushes  sod  *■ 
magnet  coils  are  connected  to  separate  terminab  leadii?'*' 
controlling  switch,  and  the  motor  is  reversed  by  simply  roa*^ 
the  direction  of  the  current  through  the  armature.  To  ** 
this  praaicable,  the  brushes  are  of  a  special  type  (see  n^  ''^ 
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consisting  of  steel  springs  placed  flat  against  the  commutator,  and 
provided  with  solid  carbon  blocks  for  making  contact,  the  requisite 
pressure  being  given  by  india-rubber  bands  passing  round  hooks 
at  the  ends  of  the  springs.  This  motor  develops  ^s^  horse-power 
when  running  at  500  revolutions  per  minute ;  the  current  is 
supplied  by  secondary  cells,  the  machine  being  designed  to  carry 
50  amperes  at  95  volts,  but  the  margin  is  such  that  it  can  safely 
take  up  to  70  amperes  for  several  hours  without  risk  of  damage 
by  over-heating. 

The  efficiency  of  this  motor  is  about  85  per  cent.,  which  is 
high  for  so   comparatively  low  a  speed  as  500  revolutions  per 
minute.     In  most  cases  the  difficulty  of  obtaining  a  machine  of 
reasonable   efficiency  at  a  low    speed,   without   abnormal  pro- 
portions and  correspondingly  heavy  weight,  renders  it  necessary 
to  run  at  a  high  speed,  and  to  effect  the  reduction  required,  by 
suitable  gearing.     Thus,  for  example,  the  wheel  of  an  ordinary 
tram-car  travelling  at  seven  miles  per  hour  does  not  revolve  at  so 
high  a  speed  as  eighty  revolutions  per  minute,  and  it  would  be 
impossible  to  construct  a  practical  motor  to  run  at  this  low  rate.   A 
machine  running  at  720  revolutions  might  be  employed,  by  intro- 
ducing gearing  which  would  reduce  this  speed  to  about  one-tenth. 
The  selection  of  suitable  gearing  is  not,  however,  an  easy  matter, 
for  it  must  be  light,  strong,  and  durable,  and  should  produce 
neither  noise  nor  vibration  in  working ;  and,  while  absorbing  little 
power  in  friction,  it  must  be  capable  of  withstanding  dust  and 
dirt,  or  of  being  easily  protected.   Some  very  good  devices,  depend- 
ing upon  friction  to  transmit  the  power  from  a  small  wheel  on  the 
rapidly  rotating  armature  shaft  to  a  larger  pulley  on  the  axle,  have 
been  employed  with  fair  success  on  lines  where  the  gradients  are 
slight ;  but  where  the  power  required  to  be  transmitted  is  at  times 
very  heavy,  this  method  is  not  to  be  relied  on.   By  means  of  a  pinion 
and  spur-wheel,  with  or  without  an  intermediate  counter-shaft, 
very  great  power  can  be  transmitted.     One  principal  objection  to 
Ais  gearing  is  that  it  is  noisy ;  the  teeth  of  the  pinion  on  the 
araiature  shaft  also  rapidly  show  signs  of  wear. 

The  necessary  reduction  in  speed  can  also  be  obtained,  and  in 
a  very  satisfactory  manner,  by  means  of  a  screw  and  worm-wheel ; 
an  endless  screw,  driven  by  the  motor  shaft,  gearing  into  the 
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teeth  of  a  worm-wheel  on  the  axle  of  the  car  «  on  » 
shaft  Chain  gearing  is  also  employed  ;  in  this  txtt 
chain  passes  over  a  small  toothed  wheel  on  the  motoc  ^ 
larger  one  on  the  axle,  the  teeth  of  the  wheels  fitting  imo 
of  the  chain.  The  chain  is,  however,  liable  to  stretch. 
the  teeth  no  longer  fit  accurately,  and  slipping  is  iitd 
place. 

In  figs.  22t  and  213  a  good  example  of  spur-gtiric 
trated.  The  motor,  designed  by  LieuL  Sprague,  is  is 
use  on  a  tram-car,  the  field-magnet  being  of  the  singie 
type,  and  of  wrought-iron  throughout  At  the  yoke  end. 
is  swung  from  the  axle  of  the  car,  this  bearing  being 


the  left  of  fig.  122,  while  at  the  other  or  armature  aid,  ii  1^  w 
supported,  being  attached  to  the  body  of  the  car  by  x:-t-j^  ^ 
spring  shown  in  fig.  223,  Bronze  brackets,  fixed  to  the  p.  t  < 
support  the  armature  bearings,  and  a  pinion  on  th--  5"^ 
shaft,  as  indicated  in  fig.  223,  gears  with  a  spur-whet'  orr^ 
a  counter-shaft  which  passes  between  the  limbs  ri  t^-- ' 
magnet.  At  the  other  end  of  the  counter-shaft  is  the  p 
visible  in  fig.  222,  which  gears  into  a  spur-wheel  kqredceu 
axle  of  the  car,  the  number  of  teeth  being  so  pr(^ioria»l 
the  speed  of  rotation  of  the  axle  is  about  one-twelfth  d  * 
the  armature. 

The  pinion  on   the  armature  shaft   is  somctini«  rai 
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,  Icanised  fibre.  The  wear  is,  of  course,  greatest  at  the 
this  pinion,  while  the  greatest  power  is  transmitted  by 
' '  h  at  the  other  end  of  the  train.  The  teeth  are,  however, 
■^  nough  to  resist  a  steady  pressure  far  greater  than  can  be 
'  ^  the  machine  ;  were  the  full  power  suddenly  applied  with 
'^  the  strain  would  be  enormously  increased,  but  a  most 
'  nt  function  of  the  supporting  spring  is  to  prevent  this 
dace,  by  yielding  slightly  when  the  pressure  is  suddenly 
'  But  the  advantage  gained  in  this  way  entails  the  dis- 
'  ge  that  the  distance  between  the  centres  of  the  engaging 
-  is   liable  to  variation.     Consequently,  involute  teeth  are 


■yed,  that  is  to  say,  the  form  of  the  rubbing  surfaces  of  the 
is  the  involute  of  a  circle,  such  teeth  being  the  only  ones 
.  are  independent  of  an  alteration  in  the  distance  between 
Mitres  of  the  wheels. 

he  armature  is  entirely  covered  with  a  waterproof  material, 
the  field-magnets  being  also  protected  by  an  impervious 
-ing,  the  machine  is  but  little  liable  to  injury  from  moisture. 
Tie  covering  of  the  field-magnets  consists  of  sheet  copper, 
oints  being  carefully  sealed.  An  advantage  attending  this 
gement  is,  that  the  heavy  current  induced  in  the  low  resist- 
copper  sheathing  reduces  to  a  very  great  extent  the  magni- 
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tude  of  the  extra 
breaking  the  drcuii 

Carbon  brushes  are  employed,  the  commutatN'  beu^n 
usual  fonn,  viz.  copper  bars  insulated  with  mica. 

In  fig.  224  is  illustrated  the  Immisch  motor,  atype* 
in  extensive  use,  and  possesses  some  important  peculiarid& 
field-magnets  are  of  the  double  horse-shoe  form,  tbecoflsl 
wound  in  four  sections  on  the  horizontal  portions  of  tht 
although  in  a  few  instances  tft'o  coils  are  emplo>-ed,  wound* 
vertical  limbs,  as  in  the  case  of  the  Manchester  d)'namo. 


In  these  machines  the  magnetic  field  developed  by^btrf 
ture  is  comparatively  powerful,  being  equal  to,  or  ew 
than,  that  developed  by  the  field-magnet,  the  objea  ^xx. 
effect  a  great  reduction  in  weight.  As  has  been  alraJT 
marked,  it  is  possible,  since  the  two  fields  reinforce  e*:-T  ■ 
to  employ  a  weak  fixed  field  and  yet  obtain  the  necessa-T  1 ' 
on  the  armature,  provided  the  armature  field  is  cofresioa^^ 
increased  in  strength ;  but  this  entails  some  special  d'l*^ 
avoid  the  necessity  for  altering  the  lead  of  the  brushes  10  >ie'' 
variations  of  the  current  caused  by  a  varying  load.  The  ifia*' 
quirement  is,  of  course,  to  keep  the  direction  of  (he  resulsn:  " 
unaltered,  so  that  the  brushes  shall  always  be  on  a  dii-''i^ 
right  angles  to  this  field ;  and  in  the  Immisch  machme  iIk  u** 
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Qient  for  maintaining  this  constancy  amounts  to  simply  short- 
circuiting  the  sections  of  the  armature  for  a  considerable  period 
as  they  pass  the  neutral  position.     If  the  field  is  in  its  normal 
position  when  these  coils  are  short-circuited,  they  are  practically 
inactive.     But  should  the  field  be  shifted,  say  by  an  increase  of 
the  load,  the  short-circuited  coils  cut  lines  of  force  transversely, 
acting  as  the  coils  of  a  generator,  and  the  resistance  of  the  closed 
coil  being  very  low,  the  conditions  for  a  large  current  are  estab- 
lished, the  lines  of  force  resulting  from  it  being  in  such  a  direc- 
tion as  to  oppose  the  distortion  of  the  field,  and  bring  it  back  to 
the  normal  position.     The  short-circuiting  is  effected  by  the 
commutator,  which,  as  shown  in  fig.  224,  consists  of  two  sets  of 
segments,  placed  side  by  side,  one  set  being  fixed  half  the  width 
of  a  segment  in  advance  of  the  other. 

The  armature  is  drum-wound,  and  the  connections  are  such 
that  the  two  parts  of  the  commutator  might  be  formed  into  one, 
by  interposing  each  segment  on  one  half  between  the  two  facing 
segments  on  the  other  half.  The  two  brushes,  side  by  side,  are 
electrically  connected,  forming,  in  fact,  one  wide  brush,  and  the 
effect  is  precisely  similar  to  what  would  take  place  if  an  ordi- 
nary commutator  were  employed  with  thick  brushes  covering 
one  bar. 

Under  ordinary  circumstances  the  effect  of  an  increase  of 
the  current  in  the  armature  would  be  to  increase  the  distortion  of 
the  field,  and  therefore  to  necessitate  a  greater  negative  lead 
being  given  to  the  brushes.  The  immediate  effect,  however,  in 
the  present  case  is  to  cause  the  short-circuited  coils  to  generate 
a  powerful  current,  the  lines  of  force  due  to  which  are  in  the 
same  direction  as  those  of  the  field-magnets,  the  resultant  ten- 
dency being  to  reduce  the  distortion  to  its  normal  amount. 

It  might  be  expected  that  considerable  heating  in  the  coils 
would  result  from  the  short-circuiting,  but  this  does  not  occur  to 
any  appreciable  extent,  and  is  probably  to  be  accounted  for  by  the 
prompt  action  of  the  current  in  the  short-circuited  coils  in  re- 
storing the  field  to  its  normal  position  before  the  current  rises  to 
a  very  high  value. 

The  armature  core  is  built  up  with  the  usual  thin  iron  plates, 
which  are  insulated  with  asbestos,  thick  rigid  plates  being  placed 

£  E 
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>at  intervals,  and  having  projections  above  the  sorfiure  of  the  s 
of  the  core,  which  act  as  driving  horns. 

The  machines  are  usually  series-wound,  and  are  made  3 
variety  of  sizes  for  different  purposes.  One,  designed  for 
a  tram-car,  weighs  5^  cwt.,  and  is  intended  to  run  at  1,000  re 
tions  with  a  current  of  40  amperes  at  60  volts.  The  g 
consists  of  two  steel  chains  with  a  counter-shaft,  the  reducDoi 
speed  being  10  to  i  ;  the  velocity  of  the  chain  on  the  annaia 
shaft  is,  at  times,  as  high  as  2,000  feet  per  minute,  the  H 
speed  of  the  motor  allowing  a  considerable  reduction  in  the  v^ 
of  the  machine.  The  current  is  supplied  by  eighty  secondanodl 
carried  on  the  car,  a  switch  being  provided  for  connectii^  tsk 
all  in  series,  or  forty  in  series  and  two  in  parallel,  so  as  to  nryti 
power  given  to  the  machine.  The  same  switch  can  also  be  aa 
to  throw  resistance  in  circuit,  when  the  motor  is  being  stsitaii 
prevent  the  passage  of  a  too  heavy  current  The  directtE  1 
rotation  is  reversed  by  reversing  the  current  through  the  ancit-a 
two  sets  of  brushes  being  provided,  operated  by  a  suitable  iP8| 
one  set  adjusted  with  a  slight  negative  lead  in  one  directioc.  d 
the  other  set  with  a  corresponding  lead  in  the  reverse  direct:* 

One  of  the  earliest  and  most  successful  applications  crll 
electric  motor  was  made  by  Mr.  M.  Holroyd  Smith,  ra  A 
Blackpool  Electric  Tramway.  This  venture  was  made  ff  ^ 
experimental  days  of  electric  traction,  and  great  di&ulnes  bi^ 
been  contended  with  and  overcome.  The  working  has  beo^^ 
successful  under  somewhat  trying  local  conditions  as  to  prwt  di 
the  system  is  sound,  and  we  shall  accordingly  briefly  dexi^^ 
main  features.  The  line  is  two  miles  in  length,  and  consist^ 
of  a  single  track  with  a  number  of  pass-byes.  It  runs  akv^ 
sea-coast  in  such  an  exposed  position  that  the  road  is  cccasi< 
flooded  during  the  winter  months,  and  at  all  times  the 
deposit,  which  is  always  prevalent  near  the  coast,  coosiJ 
enhances  the  difficulty  in  insulating  the  conductor. 

The  conductors  are  laid  underground  in  a  channel  wt 
between  the  two  rails  on  which  the  car  wheels  run,  tbe  c 
being  taken  from  them  to  the  motor,  by  means  of  a  cd 
trailing  through  a  narrow  opening  in  the  top  of  the  channel 

In  fig.  225  a  transverse  section  of  this  channel  is  shon. 
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a  support  being  afforded  by  cast-iron  chairs  which  are  fixed  at 
rvals  of  a  yard.  One  of  these  chairs,  b,  is  shown  in  the 
re  ;  its  height  is  11  inches,  base  12^  inches,  and  internal  width 
nches  ;  it  has  vertical  slots  cast  in  it,  on  each  side,  and  into  these 
\  are  fitted  stout  creosoted  boards,  d  d,  which  form  the  sides 
lie  channel.  Steel  troughing,  cc,  runs  along  and  is  bolted  to 
tops  of  the  cast-iron  chairs.    This  troughing  is  then  filled  with 


ten  blocks  to  forni  the  paving  of  the  road  ;  the  remainder  of 
tavtng  being  also  of  wood.  The  sides  of  the  steel  troughs 
;  slightly,  so  that  the  opening  between  them  widens  from  half 
ich  at  the  top  to  one  inch  at  the  ijottom,  in  order  that  a  stone 
fall  through  instead  of  being  wedged  in.  The  conductors 
trips  of  hard-drawn  copper,  of  the  shape  shown  at  f  f  ;  the 
anal  area  of  each  is  equal  to  a  solid  rod,  0575   inch  in 
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diameter,  and  its  resistance  is  0*165  ^^^  P^^^  ^^^-  '^^  ^^ 
over  an  iron  stud,  the  under  side  of  which  is  groofved,  rA 
wooden  pin  is  driven  in,  to  fix  it  securely  in  position.  This  sns! 
cemented  into  a  cylindrical  porcelain  insulator,  e,  having  id 
groove  round  its  periphery,  and  holes  2^  inches  in  diameieri 
bored  in  the  wooden  sides  of  the  channel  midway  betwta  1 
chairs,  for  the  reception  of  these  insulators.  A  |-iiicfa  vo& 
hole  is  also  bored  in  the  wood  on  one  side  of  the  insulatoci 
into  this  a  wooden  peg  is  driven,  which,  passing  downwards  thni 
the  groove,  locks  the  insulator  fast.  More  recently  glass  ^ 
cemented  into  a  porcelain  insulator,  have  been  adopted. 

The  conducting  tubes  are  electrically  connected  by  two  id 
of  drawn  brass  (not  shown  in  the  figure),  which,  when  drrsci  a 
together,  exactly  fit  the  inside  of  the  tube,  the  compoond  ftt 
being  wrapped  with  wire  to  prevent  it  shifting.  A  little  ^ 
left  between  the  ends  of  adjacent  sections  of  the  tubes  to  alkit 
expansion  and  contraction,  which  is,  of  course,  considerable  tiii 
the  connecting  wedges  cannot  be  soldered  to  the  tube  as  *< 
pansion  due  to  the  difference  in  the  temperature  at  night  and  m 
would  crack  the  solder.  The  two  conductors,  f  f,  form  a  sH 
positive  lead,  and  the  collector  places  them  in  connects  ^ 
one  terminal  of  the  motor,  whose  other  terminal  is  amnecd 
the  wheels  of  the  car,  the  return  circuit  being  made 
rails,  or,  rather,  through  the  earth.  The  two  tubes  are 
connected  at  every  hundred  yards  by  a  loop  of  insulated 
sheathed  copper  wire,  placed  in  a  groove  cut  in  the 
bottom  of  the  channel.  The  resistance  of  the  positive 
be  taken  as  that  of  the  two  tubes  in  parallel,  and  ii  the  raiisj 
good  earth  there  will  be  practically  no  resistance 
negative  terminal  of  the  motor  and  the  generator.  But  this 
rarely  or  never  happen,  and  to  avoid  any  resistance  at  tk| 
tions,  adjacent  rails  are  electrically  connected  by  a  strip  of  1 
the  ends  of  which  are  plugged  into  holes  punched  in  tbei 

The  engines  and  two  generating  dynamos  are  pbctdj 
centre  of  the  line.     The  generators  are  four-pole  ma< 
being  separately  excited  by  a  small  machine ;    a  set  of 
ances   is   placed  in   circuit  with   the    exciter  and  htM^ 
coils,  by  varying  which  the  strength  of  the  field,  and 


.CHA?.  XII.  Holroyd  Smith  System  421 

also,  the  e.m.f.  developed  by  the  generators,  can  be  altered  at  will. 
The  maximum  e.m.f.  of  each  is  300  volts,  and  the  current  180 
amperes.  The  two  machines  can,  if  required,  be  run  together  in 
parallel. 

The  maximum  potential  difference,  viz.  that  at  the  centre  of 
the  line,  is  about  220  volts,  and  this  falls  gradually  towards  the 
two  extremities.     The  deposit  of  moisture  previously  referred  to 
is  sometimes  so  great  as  to  cause  a  serious  leakage  after  the  line 
has  been  standing  idle  during  the  night ;  in  the  earlier  days  this 
leakage  has  been  known  to  reach  100  amperes,  but  the  passage  of 
the  heavy  current  rapidly  increases  the  insulation.    Such  improve- 
ments have  since  been  effected  that  now  the  loss  during  working 
hours  does  not,  under  ordinary  circumstances,  exceed  3  amperes. 
A  good  idea  of  the  salient  features  of  the  system  may  be 
gathered  from  fig.  226.     The  collector,  which  is  designed  to  run 
equally  well  in  either  direction,  consists  of  two  slanting  clearing 
ploughs  of  tempered  steel,   connected  by  hinged  wrought-iron 
plates  to  a  centre-piece.     This  centre-piece  consists  of  a  cast- 
iron   cheek,  bearing  on  the  edges  of  the  steel  troughing,  and 
having  fixed  vertically  through  it  a  strong  brass  strip,  which  is  well 
insulated  and  protected  by  hardened  steel  guards  where  it  passes 
through  the  slot.     The  bottom  of  the  strip  is  bare,  and  has  fixed 
to  it  a  short  horizontal  brass  arm,  which  carries  at  each  end  two 
curved  hard  metal  wings,  facing  in  opposite  directions,  and  each 
partly  embracing  one  of  the  conductors.     The  whole  forms  a 
combination  which  is  flexible  enough  to  turn  sharp  bends,  such 
as  those  at  crossing  points,  is  capable  of  clearing  the  opening  of 
any  slight  obstruction,  and  ensures  good  electrical  contact  with  the 
conductors.     Each  of  the  steel  ploughs  terminates  in  a  finger,  on 
to  which  is  hooked  a  hauling  rope,  attached  to  the  body  of  the 
car,  but  a  loop  of  weaker  cord  is  inserted,  so  that  if  the  collector 
meets  with  a  serious  obstruction  this  loop  breaks,  the  car  passes 
on,  and  can  be  quickly  brought  to  a  standstill  by  the  ordinary 
brakes.     The  loop  slips  off  the  trailing  finger,  and  a  detachable 
electrical  connection  is  also  provided,  consisting  of  a  clip,  bored 
to  receive  a  heart-shaped  terminal,  which  can  easily  be  inserted, 
but  requires  a  rather  sharp  jerk  to  release  it. 

Mr.  Smith  has  invented  a  great  number  of  excellent  devices  in 
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(inection  with  motors,  motor  regulation  and  gearing.  He 
efers,  in  most  cases,  to  work  with  series  motors  supplied  at  an 
proitinutely  constant  potential,  and  those  employed  on  the 
■ckpool  line  have  proved  ver>  successful.  Good  wrought-iron 
^pployed,  but  no  practical  advnntiges  have  been  sacrificed  for 

pike  of  obtaining  an  extrcini;ly  light  and  electrically  efficient 
The  field-magnets  develop  1  very  powerful  field,  and  the 

e  between  the  irun  of  the  .irmature  core  and  the  poIe-&ces  is 


y  small,  the  armature 
cred 


jr  consisting  of  one  layer  of  silk- 
re  ;  consequently  a  comparatively  weak  armature  field 
ployed,  and  the  distortion  is  practically  nothing.  In 
iishes  can  be  allowed  ti.i  make  contact  at  the  same  place 
ilirection  of  rotation,  ivithout  any  appreciable  sparking. 
-  1  if  the  employment  ul  an  extremely  simple  and  effec- 
■pc  ul  bnish,  which  was  invented  by  Mr.  Smith  for  the  pur- 
'  enabling  the  armature  to  be  run  in  either  direction  without 
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any  alteration  of  the  brushes,  and  to  avoid  the  jolting  ot  Ik 
breaking  contact. 

Two  views  of  these  hmshes  are  given  in  fig.  227.  DDBt 
spindles  passing  through  the  holders  to  which  electrical 
is  made,  s  s  being  a  thin  flat  steel  spring,  divided  into  four«H 
The  extremities  of  the  springs  are  connected  and  drawn  top 
by  india-rubber  bands  b,  and  a  small  block  of  a  special  inets 
is  fixed  to  the  middle  of  each  strip,  forming  the  contact  wifli 
commutator.  This  type  of  brush  is,  perhaps,  the  simples 
most  effective  that  can  be  devised  for  the  purpose  ;  the  •ew  1 
place  at  the  hard  metal  contact -pieces,  which  arc  so  fixed  ihai 
can  easily  be  taken  out  and  replaced. 

Fig.  226  illustrates  the  system  as  applied  loalinein  Ftaoc&J 
an  important  feature  is  the  worm -gearing.    An  endless  sen 


with  a  wheel  keyed  on  the  axle,  and  the  screw  is  connected  kh( 
armature  spindle  by  a  flexible  joint,  a  certain  aniowii  oi'll^ 
longitudinally  being  also  provided  for.  The  screw  and  ■faai* 
effectively  protected  by  a  casing,  part  of  which  is,  in  the  K^ 
removed  to  show  the  interior.  This  gearing  is  now  usitl  ^ 
ployed  by  Mr.  Smith,  but  that  devised  by  him  for  the  Bb  cj 
line  is  remarkably  good,  and  is  still  in  use  then^. 

The  latter  arrangement  is  clearly  shown  by   the  diagnr  ( 
fig.  228,  for  permission  to  reproduce  which  we  are  indebtei^ 
Council  of  the  Institution  of  Mechanical  EngincL-rs. 

A  side  view  of  the  motor  is  shown,  and  ki  is  a  pinion 
end  of  the  armature  shaft,  gearing  into  an  internal  toothed'^ 
w,  that  is,  a  wheel  having  teeth  on  its  inner  peripherr    T 
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:h-circles  of  m  and  w  are  indicated  by  the  dotted  circles.  On 
outside  of  w,  that  is,  on  the  side  remote  from  the  motor,  is 
d  a  chain  pinion,  p,  gearing  by  a  chain  with  a  chain-wheel,  c, 
ch  is  carried  on  the  car-axle. 

The  chief  objection  to  the  use  of  chain  gearing  is  that  the 

In  always  gets  slack  after  a  time,  but  a  very  simple  and  effec- 

anangement  is  introduced  to  take  up  the  slack  and  so  over- 

ic  this  objection.    The  wheel  w  is  carried  by  an  adjustable 

let  or  arm,  a,  which  is  centred  on  the  motor- shaft,  that  is  to 

the  arm  is  capable  of  being  rotated  about  a  centre  which 

tiy  coincides  with  the  centre  of  the  shaft.     Consequently,  the 

an  M  and  the  wheel  w  remain  in  gear  for  every  position  of  the 

because  the  distance  between  their  centres  remains  unaltered. 

arm  is  locked  in  position  by  bolts  passing  through  slots,  and 

an  easy  matter  to  loosen  these,  rotate  the  arm  through  a 

1  angle,  and  fix  it  in  the  new  position  if  the  chain  becomes 

:.    The  placing  of  a  new  chain  in  position  also  becomes  a 

easy  matter. 

i  special  device  is  also  introduced  to  avoid  a  jerk  at  starting, 
h,  as  has  been  remarked,  throws  a  severe  strain  on  the  gearing, 
connection  between  the  chain-wheel  and  the  axle  is  not  rigid, 
s  made  through  several  stout  spiral  springs  which  yield  and 
the  jolt  off  the  chain  when  great  pressure  is  suddenly  applied, 
chain-wheel  c  c  consists  of  a  loose  annular  rim,  having  four 
rdly  projecting  pieces  placed  midway  between  the  arms 
ting  from  the  hub  which  is  keyed  on  to  the  axle.  The 
of  the  arms  are  connected  to  the  wheel  c  by  spiral  springs 
3  shown  in  the  figure,  and  these  springs  extending  allow  the 
ure  to  be  applied  more  gradually. 

he  motors  are  series- wound,  and  supplied  at  an  approximately 
ant  potential,  and  the  speed  is  regulated  by  the  alteration  of 
ance  joined  in  series  with  the  motor  ;  for,  supposing  the  load 
J  constant,  any  increase  of  resistance  reduces  the  current 
ig  thruugh  the  armature  and  field- magnet  coils,  and  so 
es  the  speed  of  rotation  ;  while  a  reduction  of  resistance 
I  the  current  to  increase,  and  therefore  also  the  speed.  The 
resistances  can  also  be  used  to  regulate  the  strength  of  the 
It  required  in  starting.    The  aim  has  been  to  make  the 
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arrangement  thoroughly  practical  and  workable  without  r«t 
error  or  damage  by  an  inexperienced  driver,  and  also  toaUwa 
variation  of  resistance  to  be  made  gradually,  without  emf 
large  number  of  coils.  It  is  also  necessary  to  provide  x 
surface  for  radiation  in  the  case  of  the  lowest  resistances^ 
they  have  to  carry  a  heavy  current,  and  the  heat  genenic^i 
considerable.  All  these  points  are  effectually  provided  fori 
introducing  any  complication  whatever.  The  switch  is  is 
form  of  a  wooden  cylinder  with  brass  strips  of  various  leng&< 
its  circumference,  which  make  reliable  rubbing  contact  wits 
fiat  springs,  when  the  cylinder  is  rotated  by  an  (xdizoxj 
Only  four  coils  of  about  i  ohm  resistance  each  are 
and  by  moving  the  switch  lever  the  following  nine  changes  ail 
made  in  the  motor  circuit,  either  rapidly,  or  slowly,  stepbffll 
as  desired.     The  coils  are  denoted  by  a,  b,  c,  d. 

1.  Circuit  disconnected. 

2.  A,  B,  c,  D  in  series. 

3-  A,B,C  „ 

4.    A,  B  „ 

5.  A 

6.  A,  B  in  parallel. 
7-  A,  B,  c  „ 

o.    A,  By  C,  D  „ 

9.  Resistance  coils  short-circuited. 

It  will  thus  be  seen  that  not  only  are  the  lower  re«a< 
olDtained  without  employing  extra  coils,  but  when  the  W 
current  is  passing  the  heat  generated  is  being  spent  opffj 
whole  of  the  mass  of  the  metal  employed. 

It  is  very  significant  that  probably  the  best  practical  vQ^ 
connection  with  electrical  traction  should  have  been 
by  a  man  who  is  primarily  a  mechanical  engineer.     His 
chiefly  due  to  the  practical  nature  of  his  work,  everythiif 
designed  to  suit  the  conditions  under  which  it  is  intended 
employed,  and  the  capacity  of  the  people  who  are  to  make 
it.     He  has  also  devised  an  'overhead'  s}'stem,  in  wto 
current  is  led  to  the  motor  by  a  flexible  conductor,  attache 
collector  which  slides  over  tw^o  parallel  overhead  condocJOR. 


CHAP.  XII.  Holroyd  Smith  System  427 

a  system  is  less  expensive  in  construction  and  easier  of  renewal  or 
repair  than  an  underground  one,  but  is  less  safe,  and  is  likely  to 
have  only  a  limited  use  on  public  roads  in  England. 

Mr.  Smith  has  lately  designed  another  method  of  constructing 
an  underground  conduit.  This  is  in  principle  similar  to  that 
already  described,  but  is  expressly  arranged  to  admit  of  the  con- 
struction and  repairs  being  more  readily,  and  therefore  more  cheaply, 
executed,  and  also  to  reduce  the  loss  by  leakage.  The  leakage  at 
an  insulator  takes  place  over  the  surface,  and  the  resistance  offered 
by  the  insulator  is  proportional  to  the  length  of  its  surface  in  the 
direction  of  the  flow,  and  inversely  proportional  to  the  width  of 
the  surface.  By  doubling  the  number  of  insulators,  the  width  of 
surface,  and  therefore  the  leakage,  is  doubled,  so  that  the  number 
of  points  of  support  for  the  conductor  should  be  as  few  as  practi- 
cable. It  will  be  remembered  that  at  Blackpool  the  insulators  are 
only  about  a  yard  apart ;  in  the  newer  system  this  distance  is 
extended  to  about  5  yards,  but  then  it  is  hardly  possible  to  employ 
a  rigid  conductor.  Steel  troughing,  similar  to  that  shown  in  fig. 
225,  is  used,  and  the  cylindrical  porcelain  insulators  are  placed 
vertically,  carrying  on  the  underside  an  iron  hook  which  supports 
a  short  loop  attached  to  a  cable.  The  upper  side  of  the  in- 
sulator is  of  rather  larger  circumference  than  the  lower,  and  the 
shoulder  thus  formed  bears  upon  the  periphery  of  a  hole  in  a 
stout  piece  of  wood,  placed  in  the  bottom  of  the  trough.  This 
piece  of  wood  is  split  longitudinally,  and  the  two  parts  are  pressed 
together  (so  as  to  hold  the  insulator  firmly)  by  a  wooden  wedge, 
which  is  driven  between  the  side  of  the  trough  and  the  wood. 
Over  the  insulator  the  trough  is  covered  with  an  easily  removable 
iron  plate,  so  that  any  renewal  can  be  made  without  difficulty. 
The  troughing  is  secured  to  the  chairs  by  bolts  passing  horizon- 
tally through  a  hole  in  the  side  of  the  trough  and  a  vertical  slot 
in  the  chair,  so  that  by  merely  loosening  the  nut  of  the  bolts,  the 
trough  can  be  lifted  out,  and  the  channel  laid  quite  open. 

A  stranded  copper  cable  is  selected  for  the  conductor,  and  as 
the  distance  between  the  points  of  support  is  considerable,  the 
sag  on  this  heavy  cable  is  also  fairly  great.  The  insulators  sup- 
porting the  two  parallel  cables  are  not  placed  opposite  each  other, 
but  alternately,  so  that  the  highest  point  of  one  cable  is  opposke 
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the  lowest  point  of  the  other.  The  collectors  are  semkaai 
strips,  carried  one  at  each  end  of  a  flat  spring,  the  strips  rcsi^ 
underneath  and  partly  embracing  the  cables.  The  fiat  ^ 
presses  upwards  sufficiently  to  allow  the  strips  to  just  xnabci 
tact  with  the  cables  at  their  highest  points,  and  as  the  s^ 
parts  of  the  cables  are  lifted  up  by  the  contact  strips  as  tbcy 
along  a  good  rubbing  contact  is  secured.  For  long  lines  one  (t 
independent  and  carefully  insulated  main  cables  are  also  as^m 
these  being  connected  to  the  bare  conductors  at  various  paaBlj 
simple  switches.  The  switches  are  easily  accessible,  and  thelM 
conductors  are  divided  into  lengths  terminating  at  the  switdies^l 
that  any  faulty  length  can  be  cut  out  until  repaired.  I 

A  serious  disadvantage  attending  the  running*  of  laofiosi 
parallel  circuit,  supplied  with  current  at  a  constant  poieBiii 
results  from  the  fact  that  the  current  carried  by  tlie  maio  bdii 
wires  is  the  sum  of  the  current  supplied  to  the  whole  of  the 
When  the  number  is  great,  this  main  current  becomes 
and  the  main  conductors  must  be  correspondingly  massiie.' 
avoid  serious  loss  of  power ;  and,  of  course,  the  greater  fi 
occurs  at  the  time  when  it  can  least  be  permitted,  viz.  irheJi 
motors  are  demanding  the  maximum  current.  Many  di&c^ 
disappear  in  a  system  of  distribution  of  power  to  motors  rti 
require  to  be  supplied  with  a  constant  current,  for  all  the  nat^ 
can  be  joined  in  series,  and  the  mains  need  only  be  of  sc^^i 
size  to  carry  the  current  required  by  one  machine  instead  it  i 
whole  of  them.  But  other  difficulties  arise,  chiefly  in  vsgsi\ 
the  supplying  of  the  current  to  the  motors,  sufficiently  gnsli 
fact,  to  make  the  parallel  system  on  the  whole  more  pract  J 
The  series  system  has,  however,  recently  received  a  pcorjil 
development  on  a  tram-car  line  at  Northfleet,  and  we  mill  \sA 
describe  the  leading  features  in  connection  yaxkx.  this  undestadaf 

A  section  through  the  track  is  shown  in  fig.  229.  Bcf«^ 
two  rails,  the  outer  one  of  which  forms  the  tread  for  the  car-*^ 
is  an  opening,  \  inch  wide,  to  a  conduit  of  the  shape  and  cm 
sions  indicated  ;  the  current  is  led  from  the  generating  dnus^^ 
conductors  placed  in  this  conduit,  and  thence  to  the  mccocl 
suitable  connections  depending  from  the  car,  and  passing  if^ 
the  narrow  opening  between  the  rails.    At  intervals  of  alioct  4  ^ 
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placed  csist-iron  yokes  or  chairs,  to  the  tops  of  which  the  two 
s  are  bolted,  the  walls  of  the  conduit  between  these  yokes  being 
lied  of  Portland  concrete  cement.  An  earthenware  tube, 
I.  in  diameter,  is  embedded  in  the  concrete,  as  shown  at  a, 
I  in  this  are  placed  cables  forming  the  main  conductors,  the 


es  emplojed  being  insulated  with  ozokerised  rubber,  nnd 
1^  an  msulation  resistance  of  7,500  megohms  ptr  mile  Oin, 
e,  marked  '  line  '  in  fig  230,  is  unbroken  for  the  whole  iLntjth 
le  road,  while  the  other  is  divided  mto  lengths  of  about  2 1  ft. 
rails  also  are  21  ft  in  length,  and  on  both  sides  of  the  joint 


placed  yokes,  1  ft.  5  in.  apart,  a  chamber  being  formed  in 
(pace  between  them.  In  each  of  these  conduit  chambers  is 
sd  an  arrangement  known  as  the  '  spring- jack '  (illustrated  in 
»3i),  consisting  of  a  pair  of  glazed  earthenware  blocks,  sup- 
sd  by  brackets,  cast  on  to  the  joint  yokes,  the  blocks  facing 
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each  other  on  opposite  sides  of  the  tube.  To  each  block  is 
attached,  by  means  of  a  double  spiral  spring,  a  gun-metal  casting, 
curved  at  the  ends,  but  flat  in  the  centre,  the  springs  beii^  of 
sufficient  strength  to  press  the  two  castings  tt^ether  with  a  force 
of  6  lb.  Two  terminals  are  fixed  on  the  outside  of  the  left-hand 
block,  each  being  electrically  connected  to  one  of  the  gun-metal 
Strips  as  shown.  The  ends  of  that  cable  which  is  divided  into 
ji  ft  lengths  are  connected  to  these  terminals,  so  that  through- 
out the  whole  of  the  line  the  gun-metal  strips  are  in  series  with, 
and  form  part  of,  the  circuit  of  the  divided  cable  (see  fig.  230), 
The  current  passes  from  one  strip  to  the  other,  then  by  a  leng^ 


of  cable  to  the  next  spring-jack,  and  so  on  ;  it  is  led  to  the  motor 
by  forcing  two  conductors  between  the  strips,  these  conductors 
being  insulated  from  each  other  and  joined  each  to  one  of  the 
motor  terminals. 

This  collector,  or  'arrow,'  as  it  is  termed,  is  suspended 
under  the  car,  and  extends  for  its  full  length.  It  consists  of  two 
thicknesses  of  india-rubber  belting,  each  having  a  broad  brass 
strip  riveted  to  it  for  nearly  its  entire  length,  and  the  nose  at 
each  end  is  shod  with  wrought-iron  brought  to  a  knife-edge,  so  as 
to  easily  force  its  way  in  between  the  two  faces  of  the  spring-jack. 
The  maximum  thickness  of  the  arrow  is  i  in.,  which  is  conse- 
quently the  extent  to  which  the  gun-metal  cheeks  are  separated. 
The  conductor  on  each  side  of  the  arrow  is  lapped  round  one  end, 
and  an  insulated  space  is  left,  slightly  greater  than  the  surface  of 
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contact  of  the  spring-jack,  near  the  extreme  ends  on  opposite 
sides,  as  will  be  seen  by  the  diagram  in  fig.  230,  where  a  \%  the 
arrow,  and  b  b  the  insulated  spaces.  In  the  position  there  indi- 
cated, the  current  passes  from  one  contact  strip  of  the  spring-jack 
B*,  through  the  motor,  to  the  opposite  strip  of  the  next  spring-jack 
B,  the  strips  b'  b^  together  with  the  connecting  length  of  cable 
between  them,  being  cut  out  of  circuit. 

A  moment  later  the  collector  will  have  left  the  spring-jack 
B^  B*,  and  the  contact  strips  will  fly  together  and  complete  the 
circuit,  while  the  current  will  pass  from  the  other  strip  b*  through 
the  motor  to  b,  so  that  the  current  is  never  cut  off,  nor  is  the  motor 
short-circuited. 

The  contact  surfaces  of  the  spring-jacks  are  placed  in  the 
middle  of  the  conduit,  and  the  collector  arm  is  bent  round,  so 
that  the  collector  also  travels  along  the  middle  of  the  conduit ; 
consequently  the  contact  surfaces,  not  being  directly  under  the 
slot,  are  fairly  well  protected  from  dirt  or  water  entering  from  the 
roadway.  Suitable  outlets  are  provided  for  the  escape  of  water 
and  for  the  removal  of  any  sand,  stones,  &c.,  which  may  accumu- 
late, this  latter  operation  being  made  easier  by  the  fact  that  the 
conduit  is  empty  except  at  the  spring-jack  chambers.  The  con- 
stant rubbing  of  the  surfaces  of  the  opposing  gun- metal  strips 
keeps  them  bright  and  ensures  good  contact  when  they  are  pressed 
together  by  the  springs. 

The  motors  are  supported  at  one  end  by  two  bearings  on  the 
axle,  and  suspended  at  the  other  end  by  a  spiral  spring  attached 
to  a  stout  beam  across  the  frame  of  the  car.  The  speed  of  the 
motors  is  unusually  low,  viz.  400  revolutions  per  minute,  the  object 
being  to  avoid  the  use  of  a  countershaft. 

Worm-gearing  is  employed,  reducing  the  speed  in  the  propor- 
tion of  9  to  2  ;  a  double  helical  pinion  on  the  armature  shaft 
gears  with  a  worm-wheel  keyed  on  the  axle,  so  that  this  wheel 
advances  one  tooth  for  every  two  complete  revolutions  of  the 
armature* 

The  machines  are  series  wound,  and  the  regulation  is  controlled 
by  two  massive  switches  placed  on  the  driving  platform.  In  order 
to  reverse  the  direction  of  rotation,  the  connections  of  the  field- 
magnet  are  reversed  by  means  of  one  switch ;  while  the  other  varies 
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the  value  of  a  set  of  resistance  coils,  which  are  joined  upsr 
shunt  to  the  field-magnet  coils,  and  afford  a  means  of 
or  strengthening  the  field  according  to   the   pow^  and 
required. 

The  current  through  the  armature  being  kept  constant 
maximum  power  is  obtained  when  the  field-magnets  are  uns^ 
and  take  the  whole  of  the  current,  and  this  arrangement 
be  adopted  for  mounting  an  incline,  while,  if  less  power  is 
the  field  can  be  weakened  by  shunting  the  field-magnets, 
shunts  are  arranged  to  provide  for  three  speeds,  and,  in  <xdffl 
stop  the  car,  the  field-magnet  is  short-circuited,  the  cuntE 
passing  through  the  armature. 

In  starting  a  motor  worked  on  the  parallel  system,  tksi 
sometimes  a  risk  of  the  armature  being  damaged  by  the 
of  a  heavy  current ;  for  there  is  a  constant  potential 
maintained  at  the  terminals  sufficient  to  determine  a  daues 
current,  should  the  armature  fail  to  quickly  get  up  speed 
develop  an  opposing  electro-motive  force.     No  such  dai^ 
in  the  series  system,  the  current  strength  being  constant  ur 
conditions. 

In  the  case  under  notice  a  Statter  constant-current 
employed  for  the  purpose  of  generating  the  current   The 
by  which  the  regulation  of  this  machine  is  effected  has 
been  fully  described. 

The  pressure  at  the  terminals  varies  from  a  small  value  ^\ 
nearly  500  volts,  according  to  the  demand  made  by  the  nKflq 
and  a  considerable  difference  is  made  in  the  power  ei 
by  reversing  the  field-magnet  connections  on  the  car, 
is  running  down-hill  and  when  no  power  is  required-  Tb* 
of  this  is  to  turn  the  machine  into  a  generator  for  the  time 
its  E.M.F.  assisting  that  of  the  main  generator  and  redadrj 
demand  made  upon  the  latter ;  so  that  a  large  amount  of  the 
stored  in  the  car  during  its  journey  up-hill  may  be  usefiJH 
ployed,  instead  of  all  being  wasted  as  heat  at  the  brakes . 
when  a  large  number  of  cars  is  employed  on  an  undaiatxg 
this  becomes  an  important  advantage.  It  should  be  0^ 
that  although  a  motor  supplied  at  constant  potential,  in 
circuit  with  others,  may  dam  back  the  current  when  t*je 
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rises  in  running  down-hill,  and  so  absorb  less  power,  yet  it  cannot 
actually  assist  the  source  of  supply  in  feeding  the  circuit,  until  the 
speed  becomes  sufficient  for  the  machine  to  develop  an  e.ai.f. 
higher  than  that  maintained  by  the  generator. 

An  important  operation  in  connection  with  a  dynamo-machine 
is  the  determination  of  its  commercial  efficiency;  that  is,  in  the  case 
of  a  generator,  the  ratio  of  the  electrical  power  appearing  in  the 
external  circuit  and  available  for  useful  work,  to  the  total  mecha- 
nical power  spent  in  driving  the  machine  ;  and,  in  the  case  of  a 
motor,  the  ratio  of  the  useful  mechanical  power  obtained  on  the 
armature  shaft  to  the  total  electrical  power  absorbed.  The  accurate 
measurement  of  the  mechanical  power  in  either  case  presents 
some  difficulty.  The  usual  method  is  to  employ  a  transmission 
dynamometer,  or  a  friction  brake,  to  determine  the  horse-power 
expended  or  obtained,  as  the  case  may  be,  but  it  is  not  possible 
with  either  class  of  apparatus  to  be  certain  of  obtaining  any  but 
an  approximately  correct  result.  The  electrical  power,  on  the 
other  hand,  can  be  measured  with  extreme  accuracy,  it  being 
simply  necessary  to  find  the  current  strength  in,  and  the  potential 
difference  at  the  extremities  of,  the  external  circuit  of  a  generator ; 
and  the  current  passing  through  a  motor,  together  with  the  e.m.f. 
at  its  terminals ;  the  product  of  the  two  quantities  in  either  case, 
gives  the  power  in  watts. 

If  it  were  possible  to  arrange  matters  so  that  it  would  become 
essential  to  measure,  by  a  mechanical  process,  only  a  small  fraction 
of  the  total  mechanical  power  given  to  a  generator,  say  one-tenth 
(the  other  nine-tenths  being  measured  electrically),  then  a  much 
more  accurate  result  might  be  obtained ;  for  any  error  made  in 
measuring  this  fraction,  when  distributed  over  the  whole  amount, 
would  have  but  one-tenth  the  value  of  that  which  would  other- 
wise accrue.  And,  further,  it  is  far  easier  to  accurately  determine 
the  value  of  a  small,  than  of  a  fairly  large  amount  of  mechanical 
power. 

An  important  departure,  rendering  such  a  method  possible, 
was  made  some  time  since  by  Dr.  Hopkinson.  He  takes  two 
approximately  equal  machines,  and,  driving  one  as  a  generator, 
leads  wires  from  it  to  the  other,  so  connected  that  the  current 
developed  by  the  first  machine  drives  the  second  as  a  motor. 

F  F 
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Now,  the  power  appearing  on  the  motor  shaft  is  less  iha  i 
spent  on  the  generator,  by  an  amount  equal  to  the  power  ahiin 
by  friction,  by  the  heating  of  the  various  conductors,  anno 
cores,  &c,  in  the  two  machines. 

But  the  power  which  does  appear  on  the  motor-shaft  mi^hti 
be  employed  to  assist  in  driving  the  generator ;  and  this  is 
by  the  simple  process  of  rigidly  coupling  the  shafts  of  ti^ 
machines  together;  so  that,  then,  the  only  mechanical 
required  to  be  supplied  and  measured,  is  an  amount  equal  *j 
just  referred  to  as  being  wasted  in  the  various  parts  dunn; 
double  conversion. 

This  fraction,  thus  supplied,  is  conveniently  meascred 
dynamometer  of  the  Hefner-Alteneck  type,  which 
directly  in  pounds  the  difference  between  the  pull  on  the 
and  slack  sides  of  the  belt,  that  is,  the  actual  pull  cansji: 
rotation  of  the  pulley.  This  number,  multiplied  by  the  nuriH 
feet  travelled  by  the  belt  per  minute,  gives  the  number  ct 
pounds  of  work  performed  in  one  minute,  which,  divided  by  jj; 
gives  us  the  horse-power  supplied  by  the  belt ;  since  one 
power  is  a  rate  of  working  equal  to  33,000  foot- poimds  per  1 
With  the  particular  dynamometer  employed  in  one  test  cfi&| 
Dr.  Hopkinson,  the  pointer  moved  over  one  division  of  the 
for  a  pull  of  2705  lb.  on  the  tight  side  of  the  belt  in  escaj 
that  on  the  slack  side,  and  the  radius  of  the  pulley  was  si::* If 
one  revolution  corresponded  to  an  advance  of  the  bek  aw 
3*63  feet ;  in  this  case,  then,  the  work  done  per  revdraas  ^j 
2705  X  3*63  foot-pounds,  for  one  scale-division. 

From  this  it  will  be  seen  that  if  t  represents  the  ni 
scale  divisions  traversed  by  the  pointer,  and  n  the  ni 

revolutions  per  minute,  then  the  power  apphed  =  — 

X «  XT  =  0*000298  X  «  X T  horse-power. 

A  number  of  experiments  were  made  with  the  machiaes 
case  under  notice,  and,  as  they  are  interesting,  the  fiill 
one  test,  as  furnished  by  the  experimenter,  are  appended 

The  electrical  connections  were  made  as  in  fig.  232, 
and  F^  represent  the  armature  and  field-magnet  of  the  ^ 
and  M  and  f  m  those  of  the  motor.     The  heavy  lines  icdi 
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1  connections  between  the  two  machines,  and,  in  order  to 
sore  the  current,  a  small  accurately  known  resistance,  r,  is 
ed  in  the  main  circuit ;  to  the  extremities  of  r,  are  connected 
5  leading  from  a  potentiometer,  by  means  of  which,  with  a 
k  standard  cell,  the  potential  difference  between  the  ends  of 
esistance  can  be  accurately  measured, 
i'his  potential  difference,  divided  by  the  resistance  (which  was 
is  case  0*0058  ohm),  would  give  the  current  flowing  through 

Fig.  933. 
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nain  wire.  The  potential  difference  between  the  terminals 
e  generator  was  measured  by  a  Thomson  graded  voltmeter, 
>usly  standardised  by  a  Clark  cell. 

bw,  the  two  machines  were  exactly  alike,  and,  consequently, 
led  in  opposition  (as  two  shunt  machines  must  be,  when  one 
[uired  to  drive  the  other),  and  then  driven  at  equal  speeds, 
irrent  would  flow  from  one  armature  to  the  other,  for  they 
i  generate  equal  e.m.f.'s,  or,  in  other  words,  the  counter- 
o-motive  force  of  the  motor  would  be  equal  to  the  electro- 
re  force  of  the  generator.  For  this  reason,  it  is  necessary  to 
sn  the  strength  of  the  motor  field,  and  this  was  effected  by 
ig  a  set  of  variable  resistances,  p,  in  series  with  the  motor 
magnet  coils ;  and,  by  altering  this  resistance,  the  current 
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passing  through  the  motor  armature  could  be  Taried  at 
The  motor  field-magnet  coils,  t(^ether  with  p,  fonn  a  shont; 
generator  terminals  ;  the  motor  armature  thus  receiving  de 
of  the  current  passing  through  r.     And,  since  the 
the  two  field-magnet  circuits  are  known,  the  current  in  eadi 
readily  be  calculated  after  the  potential  difference  at  the 
terminals  has  been  measured. 

The  resistances  of  the  armatures  and  field -magnet  coibcf: 
two  machines  were  : — 


Generator     . 

.     Armature   . 

0*009947  ohm. 

Field-magnets 

i6'93 

Motor  . 

Armature  . 

0-009947    ^ 

Field-magnets    . 

16-44 

1.  The  two  dynamos  were  run  with  brushes  remonedaDdW 
the  fields  unexcited. 

Scale  reading       =21-6  divisions. 
Revs,  per  minute  =  808. 
Horse-power        =  5*2. 

2.  The  two  fields  were  separately  excited,  and  the  drnci 
driven,  still  with  the  brushes  off,  when 

Scale  reading       .  .        .  ==  30  di\ision& 

Revolutions  .  .  =  802. 

Shunt  current  in  field  of  generator  =  6-9  amperes. 

„  „  „      motor     .  =  6-7         „ 

Horse-power  .  =  7-169^ 

3.  The  connections  were  made  as  in  fig.  232,  and  the  SsMaA 
results  were  obtained  : — 

E.M.F.  at  terminals  of  generator  .  =  iio'i2  volts. 

Main  current  .  .  =      358  ampeiesw 

Current  through  generator  magnets  =      6*50 

Current  through  motor  magnets  .  =      5-36 

E.M.F.  at  terminals  of  motor  .  -  =  107*33  volts. 

Speed  of  machines         •        .  .  s=       764  revs,  per  xasset. 

Power  transmitted  by  belt      .  .  =     6602  watts  =  fi'Sfc  M 


831 

»     ^ 

rii    „ 

7i6 

»     ^ 

096    „ 

1360 

>j     ^^ 

1-823  n 

^•" 

93*23  per  cent. 

•     ^^^ 

1-94 

)> 

^■■^ 

1-66 

5J 

^■■^ 

3-17 

)) 
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Hence — 

Total  power  given  to  generator      .   =  42917  watts  =  57*53  h.-p. 
Power  lost  in  armature  core  .         .   = 
Power  lost  in  generator  magnets   .   = 
Power  lost  in  generator  armature  .   = 

And  therefore — 

Commercial  efficiency 
Loss  in  core 

„     magnets 

„     armature 

Similarly  for  the  motor — 

Total  power  given  to  motor         .    =  38886  watts  =  52*13  h.-p. 

Power  lost  in  internal  friction  of)  o 

1="       ^31      »      =    I'll    „ 
core     .        .        .        .        • ' 

Power  lost  in  motor  magnets       .   ==       472      „      =    0*63    „ 

„  „         „      armature      .   =      1275      „      =     170    „ 

And  therefore — 

Commercial  efficiency  of  motor  .         .  =  93*37  per  cent. 

I^ss  in  core =    2*14       „ 

„       magnets  .  .  =    1*22       „ 

„      armature  .  .  =.    3*27       „ 

The  loss  due  to  friction  of  the  bearings  and  one  or  two  un- 
important causes,  has  then  to  be  determined  and  deducted,  to 
obtain  the  real  commercial  efficiency,  which,  after  this  deduction, 
was  found  to  be  :  motor  92 '6  per  cent,  and  generator  92*5  per 
cent 

These  efficiencies  are  phenomenal,  and  would  seem  to  indicate 
some  error  in  measurement ;  but  the  method  itself,  being  a  good 
one,  merits  careful  attention  on  the  part  of  the  student. 

One  disadvantage  of  the  original  method  is  that  it  is  necessary 
to  have  two  approximately  similar  machines  in  order  to  perform 
the  test,  and  this  is  sometimes  inconvenient  A  number  of  modifi- 
cations of  the  method  have,  however,  been  suggested,  the  measure- 
ment of  even  a  fraction  of  the  power  mechanically  beiiatg  in  some 
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cases  avoided  by  obtaining  the  extra  power  representing  the^ 
waste  by  means  of  a  small  motor,  and  measuring  the  axiKK^:» 
supplied,  electrically. 

Any  one    of   the    alternate-current    dynamos   desaib^  i 
Chapter  VIII.  can  be  used  as  a  motor  ;  that  is  to  say,  its  mot^ 
parts  can  be  caused  to  rotate,  and  mechanical  power  obtaiBeci 
the  armature  or  field-magnet  shaft,  as  the  case  may  be,  by  ^:^\ 
ing  power  electrically  by  means  of  a  suitable  cUtemating 
Such  machines  have  some  important  advantages,  and  soine 
disadvantages ;  there  is  no  doubt,  however,  that  the  latia 
shortly  be  overcome,  as  at  the  present  moment  m<we  euani 
being  brought  to  bear  upon  the  evolution  of  a  practical  al:t 
current  motor,  than  upon  any  other  electrical  problem. 

The  chief  advantages  are,  first,  that  the  electrical  powe 
better  be  supplied  at  a  high  potential  difference  with  a 
tively  small  current,  thus  minimising  the  loss  in  the  codo 
leads  ;  and,  secondly,  that  the  machine  is  perfectly  self-rtgu. 
as  regards  speed,  in  spite  of  load  variations,  for  it  keeps 
time  with  the  generator.  Its  speed  can  readily  be  varied  bjr 
the  rate  of  alternation  of  the  supply  current,  although  this 
is  impracticable  for  obtaining  frequent  speed  alterations,  or  if 
same  generator  is  supplying  more  than  one  motor.  The 
for  an  alternating  motor  is  apparent,  since  so  much  distn: 
for  lighting  purposes  is  now  being  effected  by  alternating 
while  up  to  the  present  no  satisfactory  motor  is  availahk 
general  use  on  such  a  circuit. 

The  principal  disadvantages  are  that  the  machine  canz^ot! 
itself,  as  can  a  direct-current  motor,  but  has  to  be  ind« 
driven  up  to  the  speed  of  the  generator ;  while  if  the  load  is 
excessive  the  motor  stops  entirely,  and  has  to  be  again  sores' 
some  external  means.     The  machine  will,  however,  make 
efforts  to  respond  to  the  extra  work  thrown  upon  it,  and  to 
synchronism  with  the  generator,  but  will  surely  fail  imrat 
the  load  is  sufficient  to  drag  it  out  of  unison. 

It  is  extremely  inconvenient,  and  requires  consideial^ 
to  start  a  large  machine,  whence  any  device  to  facilitate 
very  welcome.     Perhaps  the  most  practical  method  yel  ckrsrfj 
that  due  to  Mr.  Mordey,  who  employs  for  the  purpose  dk 
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machine  used  to  excite  the  field-magnets.  This,  as  seen  in  fig. 
140,  is  coupled  direct  to  the  main-shaft,  and  its  current  at  times 
passes  through  and  charges  a  small  secondary  battery.  When  the 
machine  is  to  be  started  the  current  firom  the  battery  is  passed 
through  the  exciter  for  a  minute  or  two,  converting  it  into  a 
motor,  which  puts  the  alternate- current  machine  into  rotation. 
As  soon  as  synchronism  between  the  motor  and  the  generator  is 
obtained,  the  former  is  switched  into  circuit  and  continues  to  run. 
Some  extremely  good  results  have  been  obtained  with  Mordey 
alternators  when  used  as  motors,  proving  them  to  be  all  that  can 
be  desired  for  classes  of  work  in  which  the  speed  does  not  require 
to  be  varied,  or  where  frequent  stoppages  are  not  necessary. 

From  these  motor  properties  of  an  alternator,  results  the  very 
important  fact  that  two  independently  driven  alternating  generators 
can  be  run  in  parallel,  that  is  to  say,  their  armatures  can  be  con- 
nected in  parallel  so  that  the  two  machines  can  jointly  supply 
power  to  the  external  circuit.     It  is,  however,  essential  that  the 
two  machines  shall  give  the  same  rate  of  alternation,  and  also 
ran  co-phasally,  that  is  to  say,  the  maximum  positive  electro- 
motive force,  and  also  the  maximum  negative  electro-motive  force 
of  the   two   machines  must  coincide  in  point  of  time.     Then 
the  resultant  e.m.f.  is  the  same  as  that  of  one,  while  the  current, 
and  also  the  power  developed,  will  be  doubled.    Now  the  remark- 
able fact  is,  that  the  two  machines  will  make  great  efforts  to  keep 
in  phase,  and  will  do  so,  even  if  the  mechanical  power  supplied  to 
one  is  increased  or  diminished  within  a  reasonable  limit.    To 
explain  this  extremely  important  mutual  action  we  may  remember 
that  the  reaction  between  the  armature  and  field  magnets  of  a 
direct-current  dynamo  is  such  as  to  tend  to  stop  the  rotation,  and 
this  tendency  becomes  stronger  as  the  current  in  the  armature 
increases,  while  a  weakening  of  the  current  of  course  reduces  the 
resistance  to  rotation.    The  speed  might  therefore  be  diminished 
by  increasing  the  current  flowing  through  the  armature,  by  some 
external  means,  while  by  inserting  an  opposing  e.m.f.  in  circuit, 
and  reducing  the  current,  the  speed  could  be  increased.     And  if 
the  opposing  e.m.f.  exceeded  that  developed  by  the  machine,  the 
current  through  the  armature  would  be  reversed,  and  the  machine 
would  ran  as  a  motor. 
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Now,  these  effects  can  be  obtained  with  an  altenalc-ccae 
dynamo.  That  is  to  say,  if  the  brief  currents  generated  bye 2 
increased  in  strength,  the  tendency  will  be  for  the  machine  d#> 
down,  while  if  an  opposing  alternating  e  m.f.  acts  in  soch  aflaar 
as  to  reduce  these  currents,  the  machine  will  quicken  its  s|ici 
and  it  will  run  as  a  motor,  doing  work  for  the  moment  on  the  pff 
mover,  if  the  opposing  e.m.f.  is  sufficient  to  determine  a  a 
in  the  reverse  direction. 

Now  when  two  alternators  are  driven  independently  a{ 
coupled  in  parallel,  and  one  begins  to  lag  behind  the  otb&w 
maximum  e.m.f.  of  the  leading  machine  occurs  a  moment  en 
than  that  of  the  other,  and  consequently  a  heavy  cunem  M 
from  the  leading  to  the  lagging  machine  for  a  very  brief  into^^ 
time  This  current  being  opposite  in  direction  to  that  v^^ 
then  being  generated  by  the  lagging  machine,  tends  to  drift  >• 
a  motor  and  to  accelerate  its  sp>eed  ;  or  if  the  difference  of  e.u 
is  not  sufficient  to  set  up  a  reverse  current,  it  weakens  the 
one  with  the  effect  of  allowing  the  lagging  machine  to  catd 
as  already  explained.  On  the  other  hand,  the  later 
E.M.F.  of  the  lagging  machine  will  tend  to  increase  theoinoi 
the  leading  one  and  so  pull  it  up.  These  reactions  vlI 
mence  immediately  the  alternators  tend  to  get  out  of  phase, 0^ 
well-designed  machines  the  effect  is  so  prompt  and  fordbk 
they  run  together  perfectly  in  spite  of  inequalities  in  the  dna^ 
It  becomes  very  important,  therefore,  to  decide  what  ipia< 
and  peculiarities  a  machine  should  possess  to  fit  it  for  ^dk 
working.  Until  recently  it  had  been  supposed  that  it  «sii« 
lutely  necessary  for  such  a  machine  to  have  considerable 
induction,  but  even  then  the  performance  was  admitied  t 
somewhat  difficult  and  uncertain.  Consequently,  an 
without  an  iron  core,  and  with  few  convolutions,  was  deemed 
undesirable  ;  but^'these  views  have  been  somewhat  shaict 
to  a  great  extent,  entirdy  reversed,  by  the  recent  researches  d 
Mordey.  That  gentleman  starts  with  the  assumption  thatsiao 
maintenance  of  synchronism  depends  upon  the  motor  pro 
the  two  alternators,  the  machine  best  fitted  for  paraDcI 
must  be  one  which  possesses  these  properties  to  a  high  depof 
Consequefitly,  the  armature  should  have  little  resistarct 
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very  little  self-induction,  and  then  the  transfer  of  power  by  means 
of  brief  currents  from  one  machine  to  the  other,  which  serves  to 
hasten  or  retard  as  required,  takes  place  much  more  suddenly,  and . 
the  regulating  action  is  much  more  prompt  and  forcible.  0,f 
course,  the  armature  will  have  some  self-induction  and  some  re- 
sistance, but  it  is  satisfactory  to  know  that  neither  of  these  unde- 
sirable factors  need  be  made  abnormally  high,  merely  for  the 
sake  of  rendering  parallel  working  practicable.  It  is  probable, 
however,  that  there  is  a  limit  depending  upon  other  conditions, 
(such  as  the  rate  of  alternation,)  below  which  it  is  inadvisable  to 
reduce  the  self-induction,  and  that  some  definite  relationship 
between  self-induction  and  resistance  should  exist  for  any  given 
case  ;  but,  on  the  other  hand,  it  is  possible  that  this  limit  is  very 
low,  and  that  the  working  rule  will  be  to  make  the  two  factors 
concerned  as  low  as  is  practicable. 

In  the  Mordey  alternator,  which  has  no  iron  in  the  armature, 
self-induction  has  a  low  value,  so  low,  in  fact,  as  to  unfit  the  machine 
for  parallel  working  if  the  old  theory  were  correct.  In  order  to 
support  his  views  on  the  subject,  the  inventor  made  an  exhaustive 
series  of  tests  with  two  of  these  machines,  each  being  similar  in 
appearance  to  that  depicted  in  fig.  140,  but  having  an  output  of 
50  horse-power,  with  a  maximum  e.m.f.  of  2,000  volts,  at  a  speed 
of  I20  revolutions  per  minute.  The  details  of  one  set  of  tests  are 
given  below.  It  should  be  noted  that  the  machines  were  driven 
by  two  independent  engines,  not  connected  in  any  way,  and  pro- 
vided with  heavy  fly-wheels  ;  each  engine  also  drove  a  heavy  set 
of  countershafts,  fitted  with  a  number  of  belts,  &c.,  so  that  the 
momentum  was  considerable. 

1.  The  alternators  were  run  up  to  full  speed,  and  each  excited 
to  give  2,000  volts.  When  in  phase  they  were  switched  in  parallel 
without  any  external  load,  and  without  the  insertion  of  any  self- 
induction  coils  or  resistance  between  them.  They  ran  in  parallel 
perfectly. 

2.  A  considerable  inductionless  load  was  then  put  on,  varied, 
and  taken  off.     They  ran  equally  well  under  all  circumstances. 

3.  They  were  uncoupled,  and  then,  the  load  being  connected 
to  the  mains,  they  were  suddenly  and  simultaneously  switched 
in  parallel  and  on  to  the  mains  with  perfect  success. 
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4.  One  alternator  was  excited  to  give  1,000  volts,  the  ode 
giving  2,000  volts.  They  were  then  switched  in  parallel,  anditf 
into  step  perfectly,  giving  a  terminal  potential  difference  of  abac 
1,500  volts.  No  extra  self-induction  or  resistance  wss  insoted  1 
this  or  in  any  other  case.  A  load  was  then  put  on  without  afei^ 
ing  their  behaviour. 

5.  With  one  machine  at  1,000  volts  and  the  other  at  3,000  iqI:s 
they  were  switched  in  parallel  when  out  of  phase,  and  insoi:^ 
went  into  step.  A  large  current  appeared  to  pass  between  tin 
for  a  fraction  of  a  second,  but  not  nearly  long  enough  to  cosii 
it  to  be  measured  or  to  do  any  harm. 

6.  They  were  then  left  running  in  parallel  while  one  «3S  ^ 
connected  from  the  engine,  by  its  belt  being  shifted  from  dsexs 
to  a  loose  pulley.  It  continued  to  run  as  a  motor  synchror0:i> 
A  load  of  lamps  was  at  the  same  time  on  the  circuit.  . 

7.  The  two  machines  were  then  uncoupled  and  etcited  up  s 
2,000  volts.  They  were  then  switched  in  parallel  when  out  of  ^ 
and  without  any  external  load,  and  went  into  step  instantly. 

8.  Whilst  running  as  in  7,  steam  was  suddenly  and  eno^ 
shut  off  one  engine.  The  alternators  kept  in  step  perfectly,  ose 
acting  as  a  motor  and  driving  the  large  engine  and  all  the  bon 
countershafting  and  belts.  It  was  impossible  to  tell,  tssep.  ^ 
the  top  of  the  belt  becoming  tight  instead  of  the  boctoiD,  ^ 
machine  was  the  motor. 

To  find  the  power  exerted  by  the  alternator  acting  as  a  mxf 
in  8,  a  direct  current  motor  was  put  in  its  place,  and  the  ^ 
required  to  drive  the  engine  and  shafting  was  found  to  bt 
horse-power.  ^ 

The  above  results  speak  for  themselves  ;  but  a  word  c: 
planation  may  be  given  with  respect  to  No.  5.    There  is  ant 
in  excess,  of  500  volts,  which^ould  be  competent  to  seai 
enormous  current  through  the  low  resistance  of  the  two 
tures,  the  low  self-induction  not  being  able  to  prevent  k, 
though  it  is  only  applied  in  the  same  direction  fcnraFeit 
moment.     No  such  dangerous  current  was  observed,  and 
must  evidently  be  some  other  cause  to  prevent  or  modify  t. 
rather  interesting  point  has  been  very  simply  explained  N 
William  Thomson,  who  points  out  that  the  effect  of  a 


p.  xn.  Alternators  in  Parallel  443 

rease  of  the  current  at  any  instant  through  the  two  armatures,  in 
direction  determined  by  the  excess  of  e.m.f.  of  the  more 
rerful  machine,  is  to  tend  to  increase  the  strength  of  the  field 
the  weaker,  and  to  decrease  that  of  the  stronger  machine.  So 
:  although  a  strong  current  would  be  started  round  the  two 
Inures,  its  effect  would  be  to  immediately  strengthen  the  field 
jie  1, 000- volt  and  oppose  that  of  the  2000-volt  machine,  until 
E.M.F.  developed  by  each  would  have  nearly  the  same  value, 
1,500  volts.  This  brief  equalising  current  would  pass  twice 
every  complete  alternation. 
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CHAPTER  XIII. 

TRANSFORMERS. 

When  it  is  desired  to  convey  energy  to  a  distance  by  nacaBs  ' 
electricity,  either  for  the  purpose  of  producing  light  or  mechasa 
motion,  the  chief  problem  to  be  faced  is,  how  to  redoce  fc  i 
minimum  the  waste  of  energy  during  the  transmissioa  We  » 
seen  that  when  a  wire  is  used  to  convey  a  current,  the  he  *^ 
which  energy  is  lost  in  that  wire  can  be  measured  by  inulti|^ 
together  the  current  strength  in  amperes  and  the  difeence  i 
potential  between  the  ends  of  the  wire  in  volts,  the  reok  ben; 
the  number  of  watts  so  expended.  And  since  the  electKMflflc* 
force  is  equal  to  the  product  of  the  resistance  of  the  wire  and  rt 
current  flowing,  the  loss  in  watts  may  also  be  calculated  »  » 
product  of  the  resistance  and  the  square  of  the  currait  stRaB^ 
That  is  to  say,  in  the  first  place  the  power  expended  in  any  jcf 
of  a  circuit  is  proportional  to  the  resistance  of  tliat  part  S<? 
pose,  for  example,  a  dynamo  were  employed  to  furnish  cone*  • 
a  number  of  lamps  arra^isd  in  parallel,  their  joint 
being  lo  ohms  ;  then  M^^  resistance  of  the  machine  arai 
or  connecting  wires  w^re  also  lo  ohms,  exactly  as  much 
would  be  wasted,  as  would  be  usefully  exp^ded  in  the  bo^K 
state  of  affairs  which -manifestly  could  nor  be  tolerated  It 
resistance  of  the  machine  and  leads  were  reduced  to  i  ohm, 
the  power  wasted  would  be  one-tenth  of  that  usefully  empic 
and  so  on. 

The  resistance  of  the  combination  to  which  power  hss  te 
supplied  is,  as  a  rule,  extremely  low ;  and  when  the  lamps  or  o 
are  joined  in  parallel,  the  current  carried  by  the  mains  is  eq 
the  sum  of  that  required  by  the  whole  of  them.     Conseqncsar 
resistance  of  these  mains  must  be  kept  extremely  low,  a  saaa 
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tion  of  an  ohm  in  fact,  otherwise  the  proportion  which  the  power 
wasted  bears  to  the  total  quantity  of  power  developed  becomes 
excessive.  To  keep  the  resistance  low  copper  of  high  conductivity 
must  always  be  employed,  but  the  practical  limit  as  regards  sec- 
tional  area  is  quickly  reached  on  account  of  the  high  price  of  that 
metal. 

Speaking  generally,  it  may  be  said  that  transmission  of  energy 
to  any  distance  by  electricity  is  not  economical,  if  we  depend  upon 
reducing  waste  merely  by  increasing  the  conductivity  of  the  leads. 
Again  stating  the  case  as  : 

Watts  lost  =  c*R, 

wh|^e  R  is  the  combined  resistance  of  the  leads  and  generator, 
we  see  that  the  only  other  way  out  of  the  difficulty  is  to  reduce 
the  current  strength. 

If  this  can  be  done  the  advantage  is  very  decided,  for,  by 
halving  the  current,  the  power  wasted  in  any  portion  of  the  circuit 
is  reduced  to  one-fourth.  It  may  not,  however,  be  evident  at  first 
sight,  how  with  this  reduced  current  the  same  amount  of  energy 
can  be  transmitted  in  an  equal  time. 

Digressing  for  a  moment,  in  order  to  introduce  an  analogy,  the 
student  will  probably  be  aware  that  in  transmitting  power  mecha- 
nically to  a  distance  by  a  slowly  moving  cable,  it  is  imperative 
that  the  cable  and  the  rest  of  the  moving  parts  shall  be  very  strong 
and  massive,  arid  consequently  the  power  lost  by  friction,  &e., 
becomes  enormous.     But  the  energy  transmitted  per  minute  is 
equal  to  the  pull  on  the  cable  in  pounds,  multiplied  by  the  distance 
in  feet  through  which  the  cable  moves  in  a  minute ;  so  that,  by  in- 
creasing the  velocity  of  the  cable,  the  strength  and  size  of  it  and 
of  the  other  moving  parts  can  be  correspondingly  reduced  without 
reducing  the  amount  of  energy  transmitted  per  minute.     It  is  in 
fact  possible  to  transmit  enormous  power  by  means  of  a  light  wire 
cable,  if  it  travels  with  sufficient  rapidity ;  and  the  loss  due  to 
friction  is  obviously  reduced  with  the  reduction  in  size  and  weight 
of  the  moving  parts.     Even  if  it  is  essential  for  the  power  so 
transmitted,  to  be  taken,  say,  from  a  slowly  rotating  wheel,  it  is 
still  economical  to  transmit  it  at  a  high  velocity,  and  effect  the 
necessary  reduction  in  speed  by  suitable  gearing. 
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Somewhat  similarly,  very  great  power  can  be  conveyed  dec 
cally  by  a  comparatively  small  current  traversing  a  thin  wrt 
only  the  electric  pressure  or  potential  difference  is  sufficiently:.* 
for  the  power  in  watts  may  be  calculated  as  the  product  of  ^ 
two  factors,  and  no  difference  in  the  amount  is  made  by  redsTL 
one  of  them,  if  the  other  is  increased  in  like  proportion. 

But  unfortunately  it  rarely  happens  that  electrical  pows  en 
be  utilised  at  a  high  pressure  ;  for  instance,  no  volts  is  isoi' 
the  maximum  pressure  required  by  a  set  of  incandesctsit  k::^ 
joined  up  in  parallel,  and  consequently  it  becomes  necessarf  \ 
employ,  if  possible,  some  arrangement  which  shall  perforxn  theses 
function  as  does  mechanical  gearing  in  reducing  speed.  Tlat  fc 
to  say,  we  require  some  apparatus  competent  to  receive  decnn: 
power  in  the  form  of  a  small  current  at  a  high  potential  diflfereict 
and  again  give  out  that  power  in  the  form  of  a  heavy  cnnect  a£ 
at  a  correspondingly  lower  potential  difference. 

It  is  possible  to  construct  such  apparatus  ;  and  Ixfare  ^ 
ceeding  further  we  may  notice  the  two  chief  points  to  be  boraei 
mind  in  designing  it : — 

1.  The  proportions  of  the  parts  must  be  so  calculated  t< 
the  reduction  is  effected  in  the  desired  ratio;  or,  the  \3hci 
the  resulting  potential  difference  must  be  the  required  ftactkerf 
that  applied  to  the  apparatus. 

2.  The  loss  in  power  during  the  conversion  mustbekqttf 
low  as  practicable  ;  that  is  to  say,  the  design  must  be  sud  ^ 
the  efficiency  of  the  apparatus  is  high. 

The  conversion  from  a  high  to  a  lower  potential  is  ra^ 
possible  by  the  fact  abready  fully  explained,  that  bystarrx* 
stopping  a  current  in  a  circuit,  a  brief  current  can  be  induced  % 
neighbouring  wire.  The  circuit  in  which  the  original  can* 
started  or  stopped  is  called  the  *  primary '  circuit,  whik  tsu 
w^hich  the  currents  are  induced  is  called  the  '  secondary '  circ» 

In  order  to  obtain  the  maximum  effect,  it  is  neocsss.7 
arrange  that  the  secondary  circuit  is  cut  by  as  many  as  possbe 
the  lines  of  force  generated  by  the  primary.     The  best  metb* 
to  wind  the  wire  in  two  coils,  and  placing  them  dose  t 
provide  plenty  of  iron  in  the  vicinity  in  order  to  make  the  p 
lines  of  force  extend  out  beyond  the  secondary  coiL    Tf  =* 
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should  in  fact  form  a  closed  magnetic  circuit  of  low  resistance, 
embracing  both  coils.  But  since  the  rapid  reversals  of  the  current 
generate  eddies,  the  iron  must  be  carefully  laminated  ;  in  any  case, 
a  certain  amount  of  power  is  wasted  by  hysteresis. 

Suppose  the  number  of  convolutions  in  the  two  coils  to  be 
equal ;  then  by  sending  a  rapidly  alternating  current  through  the 
primary,  an  alternating  current  of  about  the  same  strength  might 
be  obtained  in  the  secondary.  Again,  the  secondary  might  con- 
sist of  a  great  length  of  wire  in  many  convolutions,  thin  wire 
being  employed  to  enable  it  to  be  kept  near  to  the  primary. 
In  this  case  the  primary  lines  of  force  would  cut  the  secondary 
circuit  many  times,  and  the  induced  e.m.f.  would  be  much  greater 
than  that  urging  the  current  through  the  primary.  But  since  the 
power  obtained  from  the  apparatus  cannot  be  greater  than  or  even 
equal  to  that  given  to  it,  a  corresponding  reduction  in  the  other 
factor  would  be  observed  ;  in  other  words,  while  the  e.m.f.  had 
been  enormously  increased,  the  current  would  have  been  far 
feebler  than  that  in  the  primary. 

The  student  is  probably  familiar  with  a  piece  of  apparatus 
known  as  an  *  induction  coil,'  in  which  a  rapidly  interrupted  heavy 
current  of  low  e.m.f.  is  passed  through  a  few  turns  of  wire,  ad- 
jacent to  an  enormous  number  of  turns  of  finer  wire.  A  bundle 
of  thin  varnished  iron  wires  serves  as  a  core,  and  a  very  feeble 
current  of  extremely  high  e.m.f.  can  be  obtained  in  the  secondary 
circuit  Such  apparatus  has  proved  of  extreme  value  in  experi- 
mental researches ;  but  it  can  hardly  be  said  to  have  any  very 
great  importance  from  a  commercial  point  of  view. 

We  are  far  more  concerned  with  the  effects  obtained  by  pro- 
ceeding in  the  reverse  order,  viz.  by  making  the  length  of  the 
primary  much  greater  than  that  of  the  secondary. 

Supposing,  for  instance,  we  use  the  fine  wire  coil  of  an  ordi- 
nary induction  coil  as  the  primary,  and  the  thick  wire  coil  as  the 
secondary ;  the  former  offers  considerable  resistance,  and  it  will 
require  a  high  e.m.f,  to  send  an  alternating  current  of  even  feeble 
strength  through  it.  But  on  measuring  the  resulting  current  in 
the  thick  wire  coil  (now  being  used  as  the  secondary),  it  will  be 
found  that  while  the  e.m.f.  is  low,  the  current  passing  through 
this  low  resistance  circuit  is  comparatively  very  heavy.   It  is  a  most 
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important  fact  that  by  constracting  such  an  inductioD  coQ  so:iz 
nearly  all  the  primary  lines  of  force  can  effectively  cut  the  seort  I 
ary,  the  secondary  e.m.f.  can  be  made  to  bear  nearly  the  sa  J 
ratio  to  the  primary  e.m.f.  that  the  number  of  convcdutioDsisa 
one  coil  bears  to  the  number  in  the  other.  Therefore,  by  nuka 
the  resistance  of  the  magnetic  circuit,  and  the  electrical  resists: 
of  the  secondary  circuit,  both  very  low  indeed^  we  can  ote 
the  terminals  of  the  latter,  an  alternating  potential  difference  it 
average  value  is  almost  equal  to  a  definite  fraction  of  the  a 
of  the  alternating  potential  difference  maintained  at  the 
terminals. 

For  instance,  if  the  primary  consists  of  1,000  turns 
secondary  of  10,  and  a  current  of  i  amp>ere  passes  throi]^  til 
primary  coil  while  the  potential  difference  is  500  vdts,  tha 
secondary  current  may  be  100  amperes,  and  the  induced 
rather  less  than  5  volts.   This  is  the  important  case  with  wbid 
have  to  deal,  for  it  thus  becomes  possible  to  effect  the  much 
object  of  transmitting  electrical  power  at  a  high  electrica] 
and  employing  it  at  the  required  point  at  a  lower  pressoie. 
piece  of  apparatus  which  is  capable  of  effecting  this  t 
tion  from  high  to  low  E.M.F.,  is  called  a  'transformer/ 

The  first  transformer  was  constructed  in  1831  by  the 
Faraday.     The  principles  which  he  then  discovered,  (rf  6e 
markable  action  of  a  varying  current  upon  an  adjacent  diai 
of  almost  inconceivable  importance ;  while  the  method  of 
structing  his  original  transformer,  which  we  shall  briefly 
was  well  abreast  of  the  then  existing  practice. 

Faraday  procured  a  welded  ring  of  soft  round  bar  iioc,  \ 
thick,  the  external  diameter  of  the  ring  being  6  inches 
one  part  of  this  ring  he  wound  about  72  feet  of  copper 
^^  inch  in  diameter,  in  three  superposed  helices,  the  distance 
the  ring  thus  covered  being  about  9  inches.     The  wire  was 
the  first  helix  being  insulated  from  the  iron  by  a  layer  of  calicc 
twine  was  wound  side  by  side  with  the  wire,  to  prevent 
between  adjacent  convolutions.    Then  followed  another  bje 
calico,  over  which  was  wound  the  second  helix,  in<aibh^ 
twine  similarly  to  the  first,  then  another  layer  of  calic 
by  the  third  helix,  the  whole  being  covered  by  calica    The 
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of  each  helix  were  brought  out  so  that  the  three  coils  could  be 
used  separately,  or  conjointly,  in  series  or  in  parallel. 

On  the  other  half  of  the  ring  a  length  of  60  feet  of  copper 
wire  was  wound  in  two  equal  helices  and  insulated  in  precisely 
the  same  manner  as  before.  These  two  coils  were  joined  in  series 
and  connected  to  a  galvanometer.  The  other  three  helices  were 
also  joined  in  series,  and  a  battery  connected  up  to  them.  The 
immediate  effect  of  making  this  latter  connection  was  seen  in  a 
violent  deflection  of  the  needle  of  the  galvanometer  placed  in  the 
*  secondary '  circuit.  The  needle  quickly  came  to  rest  at  zero, 
but  was  deflected  momentarily  in  the  opposite  direction  on  the 
battery  being  disconnected  from  the  primary  circuit. 

The  lines  of  force  of  the  current  in  the  primary  coil  were,  of 

course,  conducted  by  the  iron  ring  round  through  the  secondary 

coil,  and  the  sudden  cutting  of  this  coil  by  them  gave  rise  to  the 

observed  currents.     As  might  be  expected,  however,  a  great  many 

of  the  lines  of  force  did  not  reach  the  secondary  coil,  and  Faraday 

obtained  a  more  violent  deflection  with  the  same  primary  current 

and  shorter  lengths  of  wire,  by  so  arranging  the  two  circuits  that 

nearly  all  the   lines  of  force  generated  were  able  to  cut  the 

secondary  circuit.     He  disconnected  the  two  helices  which  in  the 

previous  experiment  were  used  as  a  secondary  circuit,  and  in  their 

place  took  two  of  the  three  superposed  helices  on  the  other  half 

of  the  ring,  joining  them  in  series  and  to  the  galvanometer.     The 

battery  was  then  joined  to  the  third  helix,  which  formed  the 

primary  circuit,  and  although  the  lengths  of  wire  were  so  much 

shorter,  rather  better  effects  were  obtained,  because  of  the  increase 

in  the  percentage  of  the  lines  of  force  usefully  employed.     Had 

Faraday  supplied  the  primary  circuit  with  a  rapidly  alternating 

current,  he  might  have  obtained  an  alternating  current  of  half  the 

strength,  and  of  corresponding  higher  electro-motive  force  in  the 

secondary  circuit ;  but  his  galvanometer  would  not  have  indicated 

the  presence  of  this  current  if  the  reversals  were  too  rapid  to  give 

the  needle  time  enough  to  move  with  each  pulsation.     By  using 

one  helix  for  the  secondary  and  two  for  the  primary,  the  secondary 

current  might  have  had  twice  the  strength  of  the  primary. 

We  may  repeat  that  a  transformer  should  be  so  designed  that 
it  can  effect  the  required  reduction  from  high  to  low  e.m.f.  with 

0  G 
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as  little  waste  as  possible.  The  wires  of  the  two  dicmts 
be  so  disposed  with  respect  to  each  other  that  the  gr^tei^ 
number  of  the  primary  current's  lines  of  force  cat  the 
circuit,  while  if  iron  is  employed  to  assist  in  this  dirtdoa, 
must  be  taken  that  but  little  energy  is  lost  in  it  by  eddies 
hysteresis. 

To  reduce  the  loss  by  eddies  the  iron  must  be 
right  angles  to  the  path  they  tend  to  take,  while  it  must  be 
far  as  possible,  continuous  in  the  direction  of  the  lines 
Loss  by  hysteresis  requires  careful  consideration;  it 
with  the  rapidity  with  which  the  current  alternates,  axid  fi 
density  of  the  lines  of  force  through  the  iron.  CcHiseqociJl 
should  be  taken  in  deciding  upon  the  rate  of  altematioD^d 
mass  of  the  iron  to  be  employed ;  but  these  are  matters  opni 
reliable  experimental  research  upon  a  practical  scak'sj 
needed.  Attention  must  also  be  devoted  to  such  po^ 
economy  of  construction,  efficiency  of  insulation,  andrkiil 
for  the  escape  of  the  heat  which  is  the  evidence  of  deisQ 
loss  during  the  conversion. 

Perhaps  the  simplest  type  of  practical  transfonnerisl 
modification  of  Faraday's  original  one.  An  iron  cor  d 
entirely  overwound  with  a  few  layers  of  thick  insulated  ofl 
to  form  the  secondary  circuit,  and  a  number  of  layeis  of  i 
wire  then  wound  over  this  to  form  the  primary.  Resis336 
comparatively  small  importance  in  the  primary  coil,  bsi 
be  kept  low  in  the  other  coil,  because  that  carries  a  faeisy^ 

It  might  be  thought  that  some  advantage  would  be  00 
interlacing  the  two  coils  so  as  to  bring  them  into  doser  ^ 
but  this  cannot  be  done  in  practice  on  account  of  the  di 
maintaining  effective  insulation.  The  potential  difieresxei 
even  the  extreme  ends  of  the  secondary  coil  is  to*:! 
troubli  is  experienced  in  insulating  this  coil,  but  qnite  ac 
obtains  with  the  primary.  The  wire-covering  must  not  be  i 
otherwise  the  space  occupied  becomes  great,  bat  dfe?  ^ 
must  be  taken  to  avoid  bringing  into  proximity  any  cstf 
separated  from  each  other  by  a  long  length  of  wire,  s^^ 
having  a  high  potential  difference  between  them.  -^ 
practice  the  secondary  circuit  is  sometimes  led  into 
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1  be  and  is  handled,  every  precaution  must  be  taken  to 
Daily  insulate  it  from  the  primary.  For  this  reason  the  two 
are  never  interlaced,  but  are  wound  separately,  with  effective 
ition  between  them. 

he  simplest  way  of  laminating  the  iron  core,  is  to  build  It  up 
n  iron  wire,  in  exactly  the  same  manner  as  the  core  of  a 
me  ring.  In  fact,  a  Gramme  ring  armature  having  a  large 
er  of  convolutions  can  be  readily  turned  into  a  very  fair 
muer,  by  using  two  or  three  equidistant  sections  for  the 
iary  coil,  and  the  remainder  in  series  for  the  primary, 
brmers  are  sometimes  so  constructed  in  sections,  but  the 
vay  is  to  wind  the  wires  spirally  in  two  continuous  coits. 
e  rapid  reversals  of  magnetisation  which  take  place,  quickly 

e  iron  core,  however  well  it  is  laminated.    This  heat  must 
and  since 

n  is  enve- 

ly  copper, 

it  must  be 

1    to    the 
before     it 

h  the  ex-   1 
;ir.      This 

'rfthecon- 
'^i  very  un- 
*,.  and  for 
'  1    several 

'''ons  it  is  pn  I     I  [  I  ^tead  of 

*^:  wire,  the  position  of  the  iron  being  quite  immaterial, 
*''t  can  act  effectively  in  leadii^  the  lines  of  force  through 
*''i  paths. 

'^'33  's  illustrated  one  method  of  constructing  such  a 
**  r.  Its  external  appearance  is  that  of  a  massive  ring  of 
fe^  Dal  diameter,  and  in  the  figure  is  shown  a  section  taken 
fl^liameter,  at  right  angles  to  the  plane  of  the  ring.  The 
iS^d  secondary  coils  are  each  wound  in  a  single  coil,  and 
B!''';ether  concentrically.    They  are  wrapped  round  with  an 

h^'naterial,  and  over  this  is  wound  spirally  an  enormous 

i^soft  iron  wire.     The  inner  coil  of  thick  wire,  s  s,  is  the 

^-  GO> 
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secondary,  while  the  primary  coil  of  thinner  wire,  p,  p.liesixisj 
it,  and  it  will  be  observed  that  the  depth  of  the  layer  of  ironic:?} 
about  equal  to  the  diameter  of  the  compound  coil  of  copper  a 
Such  a  transformer  gives  fairly  good  results,  for  nearly  als 
primary  lines  of  force  extend  out  to  the  massive  iron  shell  tL\ 
so  doing  cut  the  secondary.  But  it  is  an  extremely  tedioe 
expensive  piece  of  apparatus  to  make  on  a  large  scale,  on  ac 
of  the  slow  process  of  winding  the  enormous  length  of  iroa 
Further,  if  a  fault  should  occur,  and  faults  wiU  occur,  it  bet 
necessary  to  remove  the  whole  of  the  iron  wire  before  tfar  d 
can  be  got  at,  to  remove  the  fault. 

Consequently  large  transformers  are  not  made  in  the  n^ 
illustrated,  although  in  most  cases  the  principle  is  the  si 
The  apparatus  usually  consists  of  two  coils  of  wire,  neariy  '^ 
in  shape,  lying  side  by  side,  with  an  easily  fixed,  andess:^' 
movable  laminated  iron  covering. 

About  thirty-three  years  ago  a  first-rate  method  of  coRsr^ 
a  large  transformer  was  patented  by  C.  F.  Varley,  whidi  s?| 
regarded  as  a  combination  of  the  two  types  mentioned.  He^ 
a  bundle  of  iron  wires  of  approximately  equal  lengths,  sr-  i 
this  bundle  wound  the  primary  and  secondary  coils.  Tbe«a 
were  placed  in  the  middle  of  the  bundle,  and  extended  a^ 
for  a  distance  equal  to  one-third  of  its  length,  so  that  the  iR^' 
protruded  from  each  end  to  a  distance  equal  to  the  Ici^  ^! 
coil.  The  ends  of  the  hron  wires  were  then  bent  round  c»«^ 
coils,  so  as  to  meet  and  overlap  each  other,  thus  compW 
casing  the  coils  with  iron,  except  at  one  place  through  wi"^ 
connecting  wires  were  led. 

But  the  necessity  for  large  transformers  did  not  then 
the  method  was  scarcely  at  all  employed.     It  is,  howetn 
what  extensively  used  at  the  present  time,  because  of 
with  which  the  iron  shell  can  be  fixed  or  removed-    Tit 
practical  development  of  this  type  is  seen  in  the  Fera^ 
former,  which  is  now  doing  heavy  work  in  London.   A 
view  of  a  Ferranti  transformer,  designed  to  receive  aboiJ 
electrical  horse-power  at  a  high  potential  difference,  ir: 
large  percentage  thereof  at  a  lower  potential  difference, : 
fig.  234.    A  quantity  of  hoop-iron,  divided  into  six  bcnck* 
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base  upon  which  the  essential  parts  of  the  apparatus  are  built 
Over  the  middle  of  this  is  wound  a  layer  of  thick  insulated 
or  strip,  to  fonn  the  secondary  coil.  The  finer  wire  to  fonn 
pnmaiy  coil  is  wound  on  a  convenient  frame  in  sections, 
h  are  slipped  over  the  secondary,  and  carefully  insulated  from 
id  from  the  iron.  The  protruding  ends  of  the  hoop-iron 
lies  are  then  bent  over  the  coils,  half  at  the  top  and  half  at 
xWom,  as  shown  in  the  figure,  their  ends  meeting  and  over- 


;  for  a  short  distance.  The  whole  is  then  placed  in  a  cast- 
imework,  made  in  two  pieces  and  securely  bolted  together, 
Ttions  of  the  coils  not  enveloped  by  the  laminated  iron 
:overed,  mainly  for  purposes  of  protection,  by  laige  shields, 
are  cast  with  the  frames. 

e  lamination  is,  of  course,  not  so  effective  as  if  iron  wires 
aiployed,  or  as  if  the  iron  bands  were  placed  edge-on  to  the 
)n  of  the  lines  of  force  ;  but  the  construction  is  very  easy, 
e  spaces  left  between  the  bundles  of  hoop-iron  greatly 
e  the  escape  of  the  heat  developed. 
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The  magnelic  circuit  of  many  transfonners  is  now  built  up  of 
^"^-  '3S-  a  number  of  flat 

plates  of  sheet  -  iron, 
placed  so  that  the 
plane  of  the  sheet 
shall  be  as  far  as 
possible  parallel  to 
the  direction  in 
which  the  lines  of 
force  are  thrust 
through  the  iron. 
They  are  usually 
insulated  by  a  thin 
coating  of  varnish, 
or  by  paper,  or 
sometimes  calico, 
and  the  devices  by 
which  such  plates 
may  be  cheaply 
made  and  placed 
in  position  are  very 
numerous.  As  they 
differ  but  little  in 
principle,  we  need 
select  only  two 
patterns  for  de- 
scription. 

Two  geneial 
views  of  the  Mor- 
dey  type  of  trans- 
former are  given  in 
fig.  235.  The  thin 
iron  plates  are  ob- 
long stampings, 
I  and  an  oblong  strip 
is  stamped  out  of 
the  middle  of  each, 
exactly  equal  in  length  to  the  breadth  of  the  original  plate.   When 
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this  strip  is  placed  across  the  middle  of  the  plate  its  ends  just 
reach  to  the  edges  thereof,  leaving  two  rectangular  openings,  one 
on  either  side  of  the  strip,  which  are  subsequently  occupied  by  the 
wire.  The  primary  and  secondary  coils  are  wound  separately  on 
a  frame  of  such  a  shape  that  each  coil  consists  of  two  parallel 
straight  portions,  with  rounded  ends,  the  section  being  rectangular 
and  of  such  size  that  the  two  coils  when  placed  one  over  the  other 
just  fill  the  openings  in  the  plates  previously  referred  to.  The 
larger  stampings  are  slipped  one  by  one  over  the  coils,  alternating 
with  the  narrower  strips  which  are  threaded  through  the  coils,  the 
coils,  with  the  exception  of  their  rounded  ends,  being  in  this  way 
completely  encased  in  iron.  When  the  requisite  number  of  plates 
have  been  placed  in  position,  they  are  clamped  tightly  together 
between  two  cast-iron  end-plates,  held  by  bolts  and  nuts,  as 
shown  in  the  figure.  The  apparatus  can  either  be  fixed  to  the 
wall,  suspended  from  the  roof,  or  screwed  down  to  the  floor,  as 
may  be  convenient. 

There  is  a  small  air-space  between  the  plates,  whence  the 
surface  available  for  dissipation  of  heat  is  considerable. 

If  a  transformer  is  not  well-designed  ox  is  improperly  em- 
ployed, the  amount  of  power  lost  and  appearing  as  heat  may 
become  a  very  serious  matter.  If  the  quantity  of  iron  is  so  small 
that  the  magnetic  induction  through  it  becomes  too  high,  then  the 
loss  by  hysteresis  is  great ;  and  a  like  result  follows  if  the  mag- 
netisation is  too  rapidly  reversed.  Not  only  should  the  mass  of 
iron  employed  be  ample,  but  it  should  be  so  disposed  that  the 
cooling  surface  is  also  great ;  and  if  this  latter  point  is  attended  to 
no  difficulty  should  arise  in  working  at  an  induction  of  about 
7,000  C.G.S.  lines. 

Since  in  any  case  the  loss  due  to  hysteresis  increases  with 
the  rapidity  of  reversal,  it  might  be  thought  that  the  lower  the 
rate  of  alternation  employed  the  better.  In  practice  the  rate  of 
alternation  of  the  current  supplied  to  transformers  varies  from 
about  50  to  130  complete  alternations  per  second,  and  although 
the  particular  rate  adopted  may  in  every  case  be  best  suited  to 
the  particular  apparatus,  or  to  the  conditions  of  working,  there 
would  certainly  appear  to  be  need  for  further  inquiry  into  the 
matter. 


456 


Electrical  Engineering 


Mr.  Mordey  has  recently  performed  a  lengthy  series  (rfffio 
merits  to  determine  the  rate  of  alternation  best  suited lohaa 
transformer,  the  method  adopted  being  to  discover  at  wtii  o 
the  least  heat  was  developed  in  the  apparatus.    Thcnseioa 
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perature  was  measured  by  means  of  a  sensitive  thor.--'  ] 
bulb  of  which  was  placed  on  the  iron,  and  protected  ;"  I 
influence  by  a  covering  of  cotton  waste.  A  similar  :  '  ! 
placed  a  short  distance  away,  indicated  the  tempetf-  J 
room,  which,  however,  varied  but  slightly.     Each  ^-  ^k 
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ued  for  six  and  a  half  hours,  the  rate  of  alternation  being  kept 
istant  during  that  time ;  while  the  primary  and  secondary 
enlial  differences,  and  the  load  on  the  secondarj-  circuit  (con- 
ing of  a  number  of  incandescent  lamps},  were  the  same 
3ughout. 

The  readings  obtained  during  three  tests  are  plotted  in  the 
K  curves  in  lig.  236,  and  the  result  is  somewhat  surprising. 
'  lowest  curve  was  that  obtained  with  100,  and  the  middle  one 

125  alternations  per  second,  the  loss  at  the  higher  rate  being 
iderably  the  greater.  This  is  precisely  what  one  would  expect, 
it  was  found  that  the  loss  was  still  greater  at  the  lowest  rate, 
75  alternations  per  second ;  and  f,^.  137. 

ighest  curve  represents  the  results 
ined  with  this  rate.  So  that,  evi- 
y,  there  is  a  best  rate  for  every 
former,  any  increase  or  decrease  i^^L^ 
jch  would  entail  an  increased  loss  \ 
■wer  by  heat.  For  his  own  ap- 
js  Mr.  Mordey  has  decided  upon 
Jtemations  per  second.    Ther 

little  doubt  that  these  results  are  j 
Lighly  reliable,  for  it  is  also  the  [ 
ence  in  practice  that  an  abnor-  1 
se  in  temperature  quickly  occurs  ' 
i  normal  rate  of  aUematioti 
ns  to  be  considerably  increased 
Liced.  I 

le  explanation  suggested  by  Dr.   iii 
ig  is  probably  correct,  that,  at 
;e   above  the  normal  one,  the 
f>rincipally  due  to  hysteresis,  while  at  lower  rates  more  time 
1   for  the  eddy  currents  to  penetrate  deeper  into  the  core 

-waste  more  power. 

fig.  237  is  illustrated  the  transformer  designed  and  con- 

i  by  Mr.  J.  G.  Statter.    A  section  is  given  in  fig.  238. 

—     iron  stampings  (fig.  238)  are  nearly  square  in  shape,  and 

l<:>ng  pieces  are  stamped  out  of  each  to  form  the  spaces  in 

tiie  wire  is  placed,     s  s  is  the  thick  secondary  coil,  while 


■"-..  S  ! 
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P  p  is  the  primary,  and  these  two  coils  are  wound  to  the  jnfc 
shape  on  a  suitable  mould  or  frame,  and  placed  one  ovatbe  (Ob 
as  indicated  in  the  figure.  The  strip  t  of  each  stamping  is  dinid 
from  the  plate  at  one  end,  along  the  line  a  b.  In  buiidii^  i^» 
transformer  the  tongue  T  thus  formed  is  bent  at  right  angksB* 
plate,  which  can  then  be  slipped  over  the  coils,  and  the  tongot  to 
back  into  its  proper  position.  A  large  number  of  fdaus  bc^ 
similarly  slipped  on,  the  wire  is  surrounded  on  all  sides  by  in 


Two  strong  cast-iron  plates,  and  four  bolts,  hold  the  pins 
position,  the  plates  forming  a  protective  covering  to  the  oiki" 
exposed  ends  of  the  coils.  They  are  also  provided  with  i^ 
and  bolt-holes  for  fixing  the  transformer  in  any  required  pas* 
The  end-plates  are  frequently  fitted  with  an  extn  Smk' 
indicated  by  the  dotted  lines,  to  which  is  screwed  a  woods** 
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with  a  glass  front,  providing  accommodation  for  a  safety  fuse,  and 
also  a  double-pole  switch,  by  means  of  which  both  wires  leading 
to  the  primary  coil  can  be  simultaneously  disconnected. 

These  transformers  are  made  in  a  variety  of  sizes,  but  the 
most  frequent  are  those  capable  of  transforming  down  from  2,000 
volts  to  100  volts,  2,000  to  50,  1,000  to  100,  and  1,000  to  50. 

Transformers  have  been  put  to  a  novel  and  interesting  use  by 
Prof.  Elihu  Thomson,  who  employs  them  for  the  purpose  of 
obtaining  the  very  heavy  currents,  which  are  required  in  his 
method  of  electric  welding.  This  method  consists  in  placing  the 
two  pieces  of  metal  required  to  be  welded  end  to  end,  and  sub- 
jecting them  to  moderate  pressure  against  each  other.  A  very 
heavy  current  is  then  passed  through  them,  and  as  they  make 
imperfect  contact  at  their  opposing  surfaces,  considerable  resist- 
ance is  there  offered  to  the  passage  of  the  current,  and  a  very 
intense  heat  is  consequently  developed  at  the  point  where  it  is 
required  to  make  the  weld.  If  the  current  is  sufficiently.strong, 
the  opposing  surfaces  get  white  hot,  and  being  pressed  together 
they  unite  perfectly,  bulging  out,  however,  round  the  edges.  It  is 
necessary  that  the  surfaces  should  be  perfectly  clean,  and  a  flux, 
the  composition  of  which  depends  upon  the  nature  of  the  metals 
to  be  welded,  is  usually  employed  to  prevent  the  oxidation  of  the 
surfaces  and  so  render  the  weld  more  perfect  In  the  case  of 
iron,  a  little  borax  is  sprinkled  over  the  ends  of  the  rods. 

But  in  order  to  sufficiently  raise  the  temperature  of  thick  rods 
of  metal,  enormous  currents  are  required ;  for  instance,  a  current 
of  about  20,000  amperes  would  be  required  to  weld  a  steel  rod 
seven-eighths  of  an  inch  thick.  It  will  readily  be  understood  that 
in  such  a  case  the  resistance  of  the  current  generator  must  be 
extremely  small,  otherwise  the  power  absorbed  in  it  would  amount 
to  many  horse-power. 

Secondary  batteries  might  be  employed  for  the  smaller  cur- 
rents, but  the  most  economical  method  is  to  generate  an  alter- 
nating current  by  means  of  a  dynamo,  at  a  fairly  high  e.m.f., 
and,  reducing  this  to  a  lower  e.m.f.  by  means  of  a  transformer, 
obtain  at  the  same  time  an  increase  in  the  current  strength. 

Various  types  of  transformer  have  been  employed  for  the  pur- 
pose, one  form  being  illustrated  by  the  diagram  in  fig.  239.     The 
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primary  coil,  p,  is  composed  of  a  number  of  turns  of  wire, 
in  a   circular  coil ;   the  secondary  consists  of  a  single  vast. 
copper  strip,  s  s,  bent  into  a  circular  form,  and  placed  cob 
ally  with  the  primary  coil.    Over  the  two  coils  is  wound  1  qnuc 
of  iron  wire,  1 1,  in  two  masses,  space  being  left  between  ibs 
on  one  side,  fc«  a 


For  oidtoii^^ 
a   current  cf  " 
amperes  is  tt 
mum    reqaiR^I 
in  suc^  J 
power  is  u 
plied  to  the  primary  at  an  e.m.  f.  of  about  600  volts,  the  cuntKl| 
twenty  amperes.   A  certain  amount  of  this  power  is,  (rfct 
during  the  conversion;  but  a  current  of  12,000  ampoo^ 
E.M.F.  of  nearly  one  volt  can  be  obtained  in  the  secondai;  ^ 
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It  is  important  to  observe  the  reason  for  most  of  the  heat  being 
Feloped  at  the  proper  point  When  the  current  is  started  in  the 
ondary  circuit,  the  resistance  at  the  junction  is  far  greater  than 

resistance  of  the  whole  of  the  remainder  of  the  circuit ;  con- 
uently  the  fall  of  potential  there  is  comparatively  very  great, 
t  is,  nearly  the  whole  of  the  power  appearing  in  the  secondary 
spended  in  overcoming  the  resistance  at  the  opposing  surfaces. 
!se  surfaces  get  hot,  and  being  pressed  together,  they  then  make 
;h  better  contact.  The  rise  in  temperature,  however,  consider- 
•  increases  the  resistance,  and  consequently  the  expenditure  of 
er  at  this  point  is  still  proportionally  great.  The  ease  with 
:h  the  heat  can  be  confined  to  any  particular  locality  consti- 
\  one  great  advantage  of  the  method  It  is  usual  to  quickly 
)ve  the  welded  pieces,  and  hammer  the  joint  into  shape  on  an 
L  The  clamps  make  contact  with  a  large  surface,  to  avoid,  as  far 
)ssible,  the  introduction  of  resistance,  and  they  are  so  designed 
the  removal  of  the  welded  rods  can  be  speedily  effected, 
lie  voltmeter  illustrated  in  fig.  106  was  specially  constructed 
se  with  one  of  these  transformers,  the  potential  difference  in 
secondary  circuit  ranging  up  to  about  2-5  volts. 
*heiie  are  two  distinct  methods  of  distributing  power  to  a 
)er  of  transformers,  each  of  which  has  several  important  ad- 
ges  to  recommend  it.     First,  the  whole  of  the  transformers 

be  joined  in  series,  and  a  constant  current  sent  through 
'hole  of  the  primary  coils.  Secondly,  they  may  all  be  con- 
d  in  parallel  between  two  main  leads,  which  are  kept  at  a 
ant  potential  difference,  so  that  the  difference  of  potential 
en  the  ends  of  all  the  primary  coils  is  always  the  same. 
he  former  is  in  some  cases  the  more  economical  as  regards 
conductors,  for  the  maximum  current  in  them  is  only  equal 
Lt  supplied  to  one  transformer,  and  is  the  same  when  the 
lum  amount  of  work  is  being  done  as  it  is  during  any  smaller 
id-  But  a  generator  is  required  which  will  supply  a  constant 
mating)  current,  under  all  variations  in  the  external  circuit ; 
s  such  a  machine  does  not  at  present  exist,  it  becomes 
ary  to  employ  somewhat  unsatisfactory  hand  regulating  de- 
IDifficulties  also  arise  with  regard  to  the  regulation  in  the 
IsLvy  circuit. 
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The  E.M.F.  appearing  in  the  secondary  circuit  varies  ^a«if 
with  the  strength  of  the  primary  current   It  also  depends  upaaaf 
number  of  convolutions  in  the  two  coils,  and  the  goodness  of  ct 
magnetic  circuit  (that  is,  upon  the  mutual  induction  faetvea ::( 
two  coils),  and  also  upon  the  rate  of  alternation  ;  bat  as  dxs 
quantities  are  usually  fixed  for  any  given  transformer,  veo^ 
say  that  the  secondary  e.m.f.  varies  simply  with  the  cunentpassag 
through  the  primary.   The  strength  of  the  secondary  current,  ^ 
ever,  will  depend  largely  upon  the  resistance  of  the  secoadaf 
circuit     Now  in  the  case  of  a  series  transformer  the  priaii 
current  is  kept  constant,  therefore  the  secondary  E.if.F.  is  aboctt 
stant,  and  manifestly  we  cannot  maintain  a  constant  potenal 
difference  at  the  secondary  terminals,  nor  a  constant  secooo^ 
current,  if  the  secondary  resistance  is  in  any  way  varied.  ^ 
the  lamps  joined  up  in  parallel  it  would  be  necessaiy  on  caoi 
any  one  of  them  out  to  substitute  an  equal  resistance,  which  viJ 
of  course  be  wasteful 

The  mutual  induction  might  be,  and  in  fact  has  been,  Taiidt 
suit  altering  conditions  by  providing  an  adjustable  core ;  bicti 
is  also  unsatisfactory. 

A  better  plan  is  to  join  either  arc  or  low-resistance  incandesoE 
lamps  in  series,  and  on  removing  one  to  replace  it  by  a  resists 
coil,  or,  preferably,  by  a  choking  coil,  that  is  to  say,  by  acd' 
wire  provided  with  an  iron  core,  and  having  considerable  sdA 
duction.  Its  apparent  resistance  should  be  equal  to  that  cf^ 
lamp  which  it  replaces. 

In  such  a  series  transformer  the  number  of  turns  in  the  i 
condary  is,  as  a  rule,  equal  to  that  in  the  primary,  through  ik 
a  current  of  10  amperes  is  maintained. 

But  if  the  transformers  are  joined  up  in  parallel,  and  1 0 
stant  (alternating)  potential  difference  is  maintained  becwec 
mains  across  which  their  primary  coils  are  connected,  tha 
almost  constant  potential  difference  can  be  obtained  in  the  seed 
ary  circuit,  even  though  the  resistance  therein  be  consita 
varied.  The  lamps  can  be  joined  in  parallel,  and  if  the  Xtjdssa 
is  properly  designed  it  will  be  almost  self-regulating ;  for  the  csfl 
passing  through  the  primary,  and  therefore  also  the  sectai 
E.M.F.,  will  be  almost  proportional  to  the  number  of  lan^  s^ 
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in  circuit,  that  is,  inversely  proportional  to  the  secondary  resist* 
ance. 

The  reactions  which  cause  this  self-regulation  are  very  important 
and  interesting,  and  in  order  to  better  understand  them  the 
student  may,  with  advantage,  again  read  some  of  the  remarks 
concerning  self-induction,  &c.,  in  Chapter  VII. 

On  considering  the  construction  of  either  of  the  parallel  trans- 
formers just  described,  it  will  be  apparent  that  since  the  primary 
coil  consists  of  many  convolutions,  and  is  almost  completely  sur- 
rounded by  a  mass  of  soft  iron,  the  conditions  for  enormous  self- 
induction  exist.  In  fact,  supposing  the  secondary  circuit  for  the 
moment  to  be  absent,  or  disconnected,  the  self-induction  is  so  great 
that  an  appreciable  interval  of  time  elapses,  before  a  current  in  the 
primary  rises  to  its  full  value,  although  the  potential  difference 
may  be  high.  And  if  the  potential  difference  be  rapidly  alternated, 
it  will  not  remain  constant  in  one  direction  long  enough  to  allow 
any  sensible  current  to  be  forced  through  the  coil.  But  supposing 
the  secondary  circuit  is  completed  through  a  rather  low  resistance, 
so  that  it  is  possible  for  fairly  strong  currents  to  flow  therein,  then 
the  conditions  are  altered.  For  directly  a  current  commences  to 
flow  in  the  primary  coil,  the  lines  of  force  springing  out  from  the 
wire,  not  only  cut  the  neighbouring  convolutions  of  that  coil 
tending  to  give  the  effect  known  as  self-induction,  but  also  cut, 
and  set  up  an  opposite  current  in  the  secondary.  The  lines  of 
force  due  to  this  secondary  current  re-act  on  the  primary  coil 
(see  fig.  116)  in  just  the  opposite  sense  to  its  own  lines  of  force, 
tending  thereby  to  neutralise  the  self-inductive  effect,  and  allowing 
the  primary  current  to  rise  rapidly.  Although  the  length  of  the 
secondary  is  less  than  that  of  the  primary,  the  current  flowing 
through  it  is  much  greater,  which  may  be  expressed  by  saying  that 
the  lines  of  force  per  unit  of  length  are  more  numerous.  Conse- 
quently, if  the  secondary  resistance  is  very  low,  allowing  strong 
currents  to  flow,  this  reaction  is  competent  to  reduce  the  apparent 
primary  self-induction  to  a  very  small  value. 

If  then  a  number  of  lamps  are  joined  in  parallel  in  the 
secondary  circuit,  an  increase  in  the  number  switched  in  means  an 
increase  in  the  secondary  current,  and  a  corresponding  increase  in 
its  reaction  on  the  primary,  which  allows  a  greater  current  strength 
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to  be  attained  therein.  While  when  all  the  lamps  are  cut  out,  the 
primary  self-induction  is  sufficient  to  throttle  or  choke  back  the 
current  almost  entirely.  On  account  of  these  splendid  self- 
regulating  properties,  nearly  all  distribution  is  performed  by  means 
of  transformers  joined  in  parallel.  Although  the  size  of  the  mains 
is  somewhat  larger  than  on  the  other  system,  the  advantages  far 
more  than  counterbalance  this  objection,  and  it  is  a  comparatively 
easy  matter  to  obtain  an  alternating  generator  which  can  main- 
tain a  constant  potential. 

By  regarding  the  action  of  the  primary  upon  the  secondary 
coil  in  the  manner  developed  in  Chapter  VII.,  it  will  be  at  once 
apparent  that  the  currents  in  the  two  coils  are  always  in  opposite 
phase ;  in  fact,  in  an  ordinary  transformer,  the  secondary  negative 
maximum  occurs  almost  simultaneously  with  the  primary  positive 
maximum  and  vice  versd. 

In  all  cases  great  care  must  be  taken  to  avoid  a  leakage  from 
the  primary  to  the  secondary  circuit,  for  a  potential  difference  of 
several  thousand  volts,  such  as  is  frequently  employed,  might 
cause  a  fatal  accident  in  the  actual  lamp  circuit  should  any  other 
point  in  the  primary  circuit  be  making  earth  at  the  same  time. 
Many  safety  devices  have  been  suggested,  one  being  the  inter- 
position of  an  earth-connected  metal  sheathing  between  the  two 
coils ;  so  that  any  breakdown  in  the  insulation  would  cause  a 
sufficiently  strong  current  to  flow  to  earth,  to  melt  a  safety  fuse  in 
the  primary,  and  thus  disconnect  that  particular  transformer  with- 
out interfering  with  others  working  in  parallel  with  it. 

Such  a  fuse  would  also  act  if  by  any  means  the  apparatus  got 
short-circuited;  and  something  of  the  kind  is  essential,  for  other- 
wise not  only  would  all  the  transformers  be  deprived  of  power,  but 
the  heavy  current  which  would  result  might  cause  serious  damage. 

The  metal  sheathing  referred  to  should  be  insulated  with  ex- 
treme care,  and  must  not  form  a  closed  metallic  circuit  round  the 
inner  coil,  otherwise  powerful  eddy  currents  would  be  induced  in  it 

Another  safety  device  is  due  to  Major  Cardew.  Between  two 
horizontal  stout  brass  plates  is  placed  a  strip  of  aluminium  foil, 
one  end  of  which  is  free  while  the  other  is  attached  to  the  lower 
brass  plate,  which  is  in  its  turn  connected  to  earth.  The  upper 
plate  is  connected   to  the  secondary  coil,  so  that  should  this 
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plate  assume  a  much  higher  potential  than  the  earth,  the  foil 
would  be  raised  by  electrostatic  attraction,  and,  touching  the  upper 
plate,  would  short-circuit  the  secondar)'  coil.  This  would  allow 
a  sufficiently  strong  current  to  pass  through  the  primary  to  melt  a 
fuse  placed  in  the  circuit,  and  in  that  way  cut  out  the  transformer. 
If  the  primary  circuit  is  making  earth  at  any  point,  and  any  leak- 
age occurs  between  the  primary  and  the  secondary,  the  upper 
brass  plate  is  immediately  raised  to  a  sufficiently  high  potential 
to  attract  the  foil,  and  cut  out  the  transformer  in  the  manner 
described. 


H  H 
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CHAPTER  XIV. 

SECONDARY   BATTERIES. 

It  was  stated  when  describing  the  simple  cell,  that  its  great  draw- 
back, so  far  as  concerned  its  general  utility,  was  its  comparativdv 
rapid  polarisation,  a  phenomenon  which  consisted  in,  or  rather 
resulted  from,  the  development  of  a  film  of  hydrogen  gas  upon 
the  surface  of  the  negative  plate.     This  hydrogen  being  electro- 
positive to  zinc,  having,  that  is  to  say,  a  higher  potential  than  zinc,  a 
counter  electro-motive  force  was  set  up,  and  the  conditions  for 
the  flow  of  a  counter  current  thereby  determined.     But  chemical 
reactions,  similar  to  those  which  take  place  inside  a  battery  cell, 
may  be  repeated  in  any  part  of  the  circuit  by  causing  the  current 
to  pass  through  suitably  arranged  metals  and  liquids.     The  usual 
method  of  performing  electro-chemical  experiments  is  to  place  the 
ends  of  the  wires  connected  to  the  poles  of  the  battery  in  a  vessel 
containing  the  liquid  upon  which  the  current  is  to  act     Thus,  if 
the  ends  of  two  copper  wires  terminating  in  copper  plates,  are  con- 
nected to  the  copper  and  zinc  poles  respectively  of  the  battery,  and 
placed  in  a  vessel  containing  acidulated  water,  then  the  passage  of 
a  current  will  cause  a  quantity  of  that  water  to  be  decomposed,  and 
the  constituent  gases,  oxygen  and  hydrogen,  to  be  released  from 
their  state  of  combination.     The  hydrogen  will  accumulate  on  the 
surface  of  the  plate  connected  with  the  zinc  pole,  while  the  oxygen 
will  combine  with  the  other  plate,  just  as  it  happened  with  the  zinc 
plate  in  the  simple  cell.   If,  however,  we  substitute  a  strip  of  plati- 
num for  the  copper  plate  connected  with  the  copper  pole  of  the 
battery,  the  liberated  oxygen  will  not  enter  into  any  combination,  but 
remain  in  a  gaseous  state,  a  large  portion  of  it  rising  into  the  air, 
and  the  remainder  adhering  to  the  surface  of  the  platinum  or 
entering  its  pores  and  becoming  in  a  measure  occluded  or  absorbed 
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by  it.  The  absence  of  chemical  combination  between  the  platinum 
a.nd  oxygen  is  due  to  the  weak  chemical  affinity  subsisting  between 
those  two  simple  bodies.  By  observing  proper  precautions  the  two 
gases  may  be  collected  separately,  the  apparatus  for  the  purpose 
of  producing  the  decomposition  and  collecting  the  products  being 
called  a  voltameter.  Fig.  240  is  an  illustration  of  a  serviceable 
form  of  this  class  of  instnimenL     There  p_^ 

are  three  glass  tubes,  all  in  communication 
at  their  lower  extremities,  the  middle  one, 
tS,  being  taller  than  the  others  and  termi- 
nating at  the  top  in  a  small  reservoir,  to 
keep  the  two  outer  tubes,  b  c,  supplied  with 
solution,  and  to  prevent  the  liquid  over- 
flowing when  driven  from  b  and  c.  Plati- 
num wires  are  fused  through  the  glass  and 
terminate  inside  in  strips  of  platinum  foil, 
their  outer  extremities  being  connected 
to  terminals  fixed  on  the  wooden  base. 
Taps  are  ground  into  the  upper  portions 
of  the  tubes  B,  c,  afibrding  facilities  for  the 
escap)e,  when  required,  of  the  confined 
gases.  On  sending  a  current  through  the 
solution,  the  decomposition  of  the  water 
takes  place,  the  oxygen  collecting  in  one 
tube  and  the  hydrogen  in  the  other,  ac- 
cording to  the  direction  of  the  current.  The  graduations  on  the 
tubes  show  readily  that  the  quantity  of  hydrogen  evolved  is  always 
twice  that  of  the  oxygen,  in  consequence  of  the  fact  that  the  gases 
exist  in  that  proportion  when  combined  to  form  water. 

If  the  platinum  electrodes  are  now  disconnected  from  the  battery 
and  joined  up  to  a  galvanometer,  it  will  be  seen  that  a  current 
of  electricity  is  produced  by  the  voltameter,  but  that  the  direction 
of  this  counter  or  secondary  current  is  opposite  to  that  of  the 
battery  or  primary  current  which  caused  the  separation  of  the 
gases.  A  series  of  four  voltameters  constructed  for  this  purpose, 
and  known  as  Grove's  gas  battery,  is  shown  jn  fig.  241.  Each 
cell  consists  of  two  tubes,  a  b,  closed  at  the  top  and  dipping  into 
a  glass  vessel,  m.    A  platinum  wire  is  fused  into  the  upper  por- 
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tion  of  each  tube,  and  carries  a  long  strip  of  platinum  foil. 
Assuming  the  current  from  the  battery-  to  enter  the  series  by  the 
wire  p  and  leave  by  the  wire  n,  oxygen  will  be  collected  on  the 
electrodes  o,  o',  o",  and  o'",  while  hydrogen  will  be  collected  00 
H,  h',  h",  and  h'".  If,  after  the  current  has  been  allowed  to  6ow 
for  some  little  time,  the  terminals  a  and  b'"  are  connected  to  a 
galvanometer,  a  current  will  be  observed  to  flow,  opposite  in  direc- 
tion to  the  charging  or  primary  current,  that  is,  from  a  through  the 
galvanometer  to  b'"  ;  and  this  reverse  or  Ki^w^ry  current,  which  is. 
after  all,  only  the  effect  hitherto  referred  to  as  polarisation,  talcing 
place  under  favourable  circumstances,  will  continue  to  flow  so  loog 


as  the  gases  remain  in  contact  with  the  platinum.  As  a  matter  of 
fact,  we  have  set  up  a  secondary  battery  with  '  plates '  of  hydrc^en 
and  oxygen,  and  in  maintaining  the  current,  the  hydrogen  in  the 
tubes  B  combines  with  oxygen  of  the  water  forming  new  water 
molecules,  while  the  equivalent  hydrogen  eventually  released  from 
the  water  combines  with  the  oxygen  in  the  tubes  a.  This  action 
results,  therefore,  in  the  formation  of  water,  as  shown  by  the  very 
simple  equation  : — 

Hj+0H,+0=0Ha+OH,=20H^ 
We  see  here,  then,  an  exact  counterpart  of  the  action  that  takes 
place  in  a  primary  cell,  resulting  there  in  the  polarisation  of  the 
cell  and  the  tendency  to  generate  so-called  secondary  currents. 
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The  difference  of  potential  or  electro-motive  force  between  the 
free  hydrogen  and  oxygen  is  1*47  volts,  and  that  is  a  measure  of 
ihe  force  of  chemical  combination  between  these  gases,  whence 
it  follows  that,  in  order  to  overcome  this  force  of  combination, 
£Uid  therefore  to  decompose  the  water,  we  must  employ  for  each 
secondary  ceU  a  primary  current  whose  electro-motive  force  exceeds 
1-47  volts. 

Cells  in  which  the  energy  of  chemical  change  can  be  thus 
stored  up,  to  be  given  out  again  when  required  in  the  form  of  an 
electric  current,  are  frequently  called  electrical  accumulators  or 
electrical  storage  cells.     It  is  not,  however,  electricity  which  is 
stored  or  accumulated,  but  rather  a  quantity  of  the  active  con- 
stituents of  a  cell,  and  it  is  the  subsequent  chemical  action  be- 
tween these  constituents  which  causes  the  flow  of  electricity.   It 
is  therefore  preferable  to  style  them  secondary  cells.    This  will 
be  more  apparent  when  it  is  remembered  that  a  primary  cell  can 
have  a  current  sent  through  it  in  the  opposite  direction  to  that  in 
which  the  current  generated  by  it  would  flow,  and  this  current  will 
cause  the  usual  negative  plate  to  be  more  or  less  dissolved  and  the 
positive  plate  replenished,  setting  up  the  conditions  necessary  to 
the  re-establishment  of  a  primary  current.     If,  for  example,  we 
suppose  a  powerful  reverse  current  to  be  urged  through  a  Daniell 
cell  in  which  the  copper  sulphate  has  been  exhausted,  the  copper 
plate  will  be  partially  dissolved  and  copper  sulphate  reformed,  while 
zinc  will  be  deposited  upon  what  remains  of  the  zinc  plate.    The 
cell  is  then  able  to  again  generate  a  current  of  its  own. 

Although  the  water  cell  is  exceedingly  interesting,  as  a  secon- 
dary generator  it  is  not  a  practical  piece  of  apparatus,  for  it  is  only 
able  to  maintain  a  current  for  a  very  short  space  of  time. 

Many  experiments  have  therefore  been  performed  to  determine 
the  best  liquid  and  electrodes  (the  metal  plates  immersed  in  the 
liquid),  for  a  practical  form  of  secondary  battery.  The  most 
assiduous  worker  in  this  field  was  Plants,  and  the  result  of  his 
labours  was  the  discovery  that  lead  electrodes  in  a  solution  of 
sulphuric  acid  give  the  best  results.  He  found  that  a  large 
portion  of  the  oxygen  combined  with  the  plate  at  which  it  was 
released,  forming  an  insoluble  compound,  which  when  opposed  to 
a  clean  metallic  lead  plate  developed  a  potential  difference  of  from 
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2  to  2 '5  volts.  In  Plant^'s  method  the  lead  plates  employed 
were  comparatively  very  large  with  a  view  to  increasing  the 
amount  of  active  material  and  reducing  as  far  as  possible  the  re- 
sistance of  the  cell.  They  were  first  laid  one  over  the  other,  bat 
separated  by  strips  of  non-conducting  material,  and  then  rolled  up 
together  in  a  kind  of  double  spiral.  In  this  way  an  enormous 
surface  was  presented  to  the  liqtiid.  On  sending  a  primary 
battery  current  through  the  cell,  from  plate  to  plate,  the  water  was 
decomposed,  the  oxygen  combining  with  the  metal  at  the  positive 
electrode  to  form  peroxide  of  lead,  Pb02,  while  the  hydrogen  was 
precipitated  upon  the  negative  electrode  in  the  gaseous  form, 
without  in  any  way  attacking  the  metal.  The  cell  so  acted  upon 
became  a  secondary  cell  in  which  the  n^ative  electrode  acted  as 
the  positive  plate,  being  a  sheet  of  lead  with  a  more  or  less  com- 
plete film  of  gaseous  hydrogen,  the  other  plate  or  positive  elec- 
trode with  its  film  of  insoluble  lead  peroxide  behaving  as  the 
negative  plate.  It  will  thus  be  seen  that  the  pole  of  the  secondary 
which  is  connected  to  the  positive  pole  of  the  primary  generator, 
whether  a  battery  or  a  dynamo  machine,  becomes  the  positive 
pole  of  the  secondary,  the  other  extremity  becoming  perforce  the 
neg?itive  pole. 

On  permitting  the  reverse  or  secondary  current  to  flow,  what 
remained  of  the  hydrogen  was  oxidised  and  converted  into  water, 
some  of  the  subjacent  lead  being  also  oxidised  at  the  expense  of 
the  water.  On  the  other  hand,  the  peroxide  on  the  other  plate 
was  deoxidised  or  reduced  to  metallic  lead  in  a  *  spongy '  form. 
These  experiments  can  be  very  easily  performed  by  sending  for  a 
short  time  a  current  from  three  or  four  good-sized  Daniell  cells 
through  a  vessel  containing  two  pieces  of  sheet  lead  immersed  in 
sulphuric  acid  solution.  The  piece  connected  to  the  copper  pole 
of  the  battery  will,  after  the  passage  of  the  current,  be  discoloured, 
and  assume  a  brownish  tint,  owing  to  the  partial  oxidation  of  the 
surface  of  the  metal.  The  amount  of  chemical  change  taking 
place  during  these  reactions  is,  however,  very  small,  too  small  to 
answer  any  practical  purpose,  and  this  is  due  in  a  great  measure 
to  the  comparatively  small  amount  of  surface  exposed,  and  to  the 
fact  that  the  greater  part  of  the  hydrogen  escapes  instead  of 
adhering  to  the  plate. 
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The  next  step  taken  by  Plants  in  the  development  of  the 
modern  fonn  of  secondary  cell  was  an  important  one,  and  that 
was  the  adoption  of  a  method  for  increasing  the  available  surface 
of  the  metal  electrodes.  It  was  found  that  after  sending  the 
primary  current  through  the  secondary  cell  for  some  time,  and  so 
nearly  covering  the  surface  of  the  positive  electrode  with  a  film  of 
the  peroxide,  the  oxygen  released  from  the  water,  instead  of  com- 
bining with  the  lead,  formed  into  bubbles  and  escaped  into  the  air. 
There  was  thus  for  a  given  metallic  surface  a  limit  to  the  amount 
of  peroxide  that  could  be  formed. 

The  current  was  consequently  reversed,  that  is  to  say,  the  cell 
was  allowed  to  discharge  itself  almost  completely,  so  that  the 
spongy  lead  plate  became  oxidised,  and  the  other  deoxidised  and 
reduced  in  its  turn  to  the  condition  of  spongy  lead,  with  a  propor- 
tionally increased  surface.     A  fresh  direct  or  charging  current  on 
being  sent   through  the  cell  again  oxidised  this  extended  lead 
surface  and  reduced  once  more  the  negative  surface  to  the  spongy 
lead  state.     These  reversing  operations  being  continued  for  some 
time,  both  positive  and  negative  surfaces  were  eventually  very 
considerably  increased  and  rendered  more  or  less  porous,  one  of 
them  being  always  in  a  state  of  oxidation.     After  a  few  days,  how- 
ever, a  period  of  rest  was  allowed  between  the  reversals  with  a 
remarkable  and  most  useful  effect  due  to  local  action.     The  lead 
peroxide  did  not  form  a  continuous  impervious  coating  over  the 
plate,  but  allowed  the  solution  to  pass  between  its  particles  and 
come  into  contact  with  the  metallic  lead.     The  peroxide  being  at 
places  in  direct  contact  with  the  lead,  a  simple  voltaic  pair  was 
thus  established  with  the  lead  for  the  positive  and  peroxide  for  the 
negative  elements.     The  acid  attacked  the  lead  and  formed  lead 
sulphate  (PbS04),  which  is,  however,  but  a  poor  conductor  of  elec- 
tricity ;  this  sulphate  became  available  for  the  subsequent  electrolytic 
action.  The  amount  of  lead  actually  affected  or  made  active  was  thus 
considerably  increased  and  the  porosity  of  the  plate  gradually  made 
more  and  more  complete.     The  process  of  *  forming '  the  plates 
flight  have  been  continued  until  the  whole  became  porous  by  its 
conversion  into  spongy  lead,  but  there  is  a  practical  limit  to  the 
action,  for  if  pursued  too  far,  the  plate  would  fall  to  pieces  simply 
on  account  of  its  inability  to  mechanically  support  itself. 
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The  cell  being  once  formed,  no  further  reversal  takes  ];dace 
excepting  for  the  purpose  of  discharging  it  to  perform  usefiol 
work. 

This  method  of  forming  the  plate  is,  however,  very  tedioiK 
and  very  expensive,  and  many  efforts  have  been  made  to  overcome 
the  objection.  One  method  is  to  subject  the  lead  to  a  nitio- 
sulphuric  acid  solution  which  rapidly  eats  into  the  metal  and 
increases  its  surface  correspondingly.  Another  method  is  to  fill  a 
vessel  with  molten  lead,  and,  as  it  is  on  the  point  of  solidificatioo, 
to  make  an  opening  in  the  bottom,  and  allow  such  of  the  metal  as 
remains  in  the  liquid  state  to  flow  out,  leaving  behind  it  a  spongy 
porous  mass.  This  is  cut  up  into  plates  of  the  required  dimai- 
,sions. 

^  Lead  plates  pure  and  simple,  often  known  as  Plants  plates 
are  now  only  occasionally  used,  the  cell  more  generally  employed 
being  that  based  upon  the  idea  of  Faure,  which  was  to  coat  the 
plates  with  a  paste  of  lead  oxide,  and  so  to  more  easily  extend  the 
lead  surface.  A  mixture  of  sulphuric  acid  and  minium  or  red 
lead  (Pb304)  was  made,  which  resulted  in  the  formation  of  lead 
sulphate  (PbS04).  This  was  applied  to  both  the  positive  and 
negative  plates,  that  on  the  plate  in  connection  with  the  positive 
pole  of  the  primary  battery  being  by  the  current  converted  into 
peroxide  of  lead,  by  the  absorption  of  oxygen,  while  the  paste  on 
the  other  plate  was  reduced  more  or  less  to  the  condition  of 
spongy  lead.  It  will  thus  be  seen  that  the  great  value  of  Faure's 
invention  is  to  minimise  the  amount  of  energy  required  to  be 
expended  in  *  forming '  the  plates. 

It  is  now  the  practice  to  use  a  paste  of  litharge  (PbO)  and  acid 
for  the  plate  connected  to  the  negative  pole,  although  makers 
vary  the  pastes  considerably.  In  some  cases  minibm  only  is 
employed.  In  others  a  mixture  of  litharge  and  lead  sulphate; 
and  in  others,  again,  all  three  substances,  viz.  minium,  lithaige, 
and  lead  sulphate  enter  into  the  constitution  of  the  paste.  In  all 
cases,  however,  the  ultimate  result  of  the  initial  charging  current 
is  the  same,  viz.  the  conversion  of  the  paste  on  the  positive  plate 
into  peroxide,  and  of  the  paste  on  the  negative  plate  into  spongy 
lead.      Assuming  the  plates  to  be  in  the  state  of  lead  sulphate 
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and  lead  monoxide  (or  litharge)  respectively,  the  initial  auction  may 
be  summarised  by  the  equation  : — 

PbS04  +  20Hj  +  PbO  =  PbOj  +  S04Ha  +  OHa  +  Pb 

Lead  Water.  Lead  Lead  Sulphuric  Water.        Lead, 

sulphate.  monoxide,      peroxide.  acid. 

It  will  be  seen  in  this  case  that  the  positive  plate  exchanges 
its  SO4  for  two  atoms  of  oxygen,  that  the  negative  plate  loses  its 
oxygen,  and  that  one  of  the  water  molecules  is  converted  into 
sulphuric  acid,  so  that  the  quantity  of  acid  in  the  solution  gradually 
increases,  while  the  quantity  of  water  as  steadily  diminishes. 

The  secondary  current,  during  the  process  of  discharge,  reverses 
this  state  of  affairs,  the  two  plates  being  converted  into  lead 
sulphate.  The  process  is  doubdess  brought  about  in  several 
stages,  but  they  may  be  represented  by  the  following  equations : — 

PbO,  4-  2S04Ha  +  Pb  =  PbO  +  S04Ha  +  OH,  +  PbS04. 

The  lead  monoxide  then  reacts  with  the  sulphuric  acid  and 
forms  lead  sulphate  and  water  thus  : — 

PbO  +  S04Ha  =  PbS04  +  OH,. 

Or  combining  the  two  equations  : — 

PbO,  +  2SO4H,  +  Pb  =  2PbS04  +  2OH,. 

These  reactions,  however,  affect  only  a  small  portion  of  the 
plates  ;  that  is. to  say,  the  active  portion  of  the  cell  is  far  less  than 
that  which  remains  passive. 

The  pastes,  one  and  all,  adhere  very  feebly  to  the  lead 
plate,  and  many  devices  have  been  attempted  to  secure  better 
adhesion.  One  of  the  earliest  plans  was  to  score  or  scratch 
the  lead  surface.  Then  it  was  indented,  the  indentations  deve- 
loping subsequently  into  perforations.  The  paste,  on  being 
squeezed  into  the  holes,  certainly  kept  its  position  much  better 
than  when  simply  smeared  over  the  surface  of  the  lead,  but  the 
quantity  of  paste  exposed  to  the  liquid  was  reduced.  Even- 
tually, leaden  grids  were  cast  containing  sufficient  metal  to  bear 
the  weight  of  the  plate,  the  holes  being  square  and  somewhat 
pyramidal,  that  is,  smaller  in  the  middle  of  the  plate  than  on  the 
surfaces,  so  as  to  prevent,  as  far  as  possible,  the  peroxide  from 
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falling  out  An  illustration  of  the  latest  type  of  cell,  manufac- 
tured by  the  Electrical  Power  Storage  Co.,  is  given  in  fig.  241, 
A  number  of  grids  of  lead,  or  of  a  hard  lead  alloy  (lead  mixed 
with  a  small  proportion  of  antimony),  are  filled  w-ith  the  paste, 
the  number  varying  with  the  size  of  the  cell,  but  always  with  one 
negative  plate  in  excess  of  the  number  of  positive  plates. 

The  cells  are  usually  provided  with  15  or  23  plates,  of  which 
7  and  ri  respectively  are  intended  for  the  positive,  and  the 


remainder  for  the  negative  surface.  The  object  of  having  a  large 
number  of  plates,  is,  of  course,  to  increase  the  capwcity  of  the  cell, 
and  to  reduce  its  internal  resistance  without  resorting  to  the  use 
of  inconveniently  large  plates.  Each  grid  measures  about  8J  x  9^ 
inches,  and  is  -^^  inch  thick,  the  weight  being  about  5  lbs. 

The  lead  grids  are  provided  with  lugs  for  the  purpose  of  con- 
nection, the  lugs  of  the  positive  plates  being  al}  melted  or  cast 
on  to  one  leaden  strip  or  band,  the  lugs  of  the  negative  plates  being 
similarly  secured  to  another  strip.    The  plates  are  placed  in  the 
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cell  alternately,  the  distance  between  two  adjacent  plates  being 
about  a  quarter  of  an  inch,  which  is  sufficient  to  allow  pieces  of 
the  plates  or  paste  that  may  become  detached  to  fall  to  the  bottom 
of  the  cell.    Bent  strips  or  forks  of  ebonite,  celluloid,  or  other 
suitable  material  are  placed  between  the  plates  to  keep  them  apart 
and  prevent  internal  contact.    The  negative  plates  in  each  cell  are 
also  held  rigidly  together  by  means  of  two  stout  strips  of  lead 
melted  on  to  solid  extensions  from  the  lower  edges,  two  others 
being  also  secured  to  the  sides  of  the  plates  about  half-way  up. 
These  connecting  strips,  one  of  which  is  shown  at  the  left-hand 
side  of  the  figure,  serve  as  a  further  means  of  keeping  the  negative 
plates  in  position.     The  bottom  strips  rest  on  slabs  or  strips  of 
paraffined  or  varnished  wood  so  as  to  support  them  at  a  height  of 
about  i^  inch  above  the  bottom  of  the  containing  cell,  affording 
thereby  plenty  of  room  for  any  scales  or  pellets  that  may  fall  to 
the  bottom  to  lie  clear  of  the  plates.     Lugs  cast  on  to  the  sides 
of  the  positive  plates  rest  in  small  ebonite  shoes,  which  are  sup- 
ported by  the  side-strips  of  lead  attached  to  the  negative  plates. 
The  positives  are  also  connected  together  across  the  top  by  the 
substantial  lead  strip  shown  a  little  to  the  right  of  the  middle  of 
the  upper  edges  of  the  plates.    The  connecting  strip  to  be  seen 
on  the  left  is  melted  on  to  projections  from  the  comers  of  the 
plates,  consequently  they  can  be  readily  lifted  out  of  the  cell,  with- 
out necessitating  the  removal  of  the  negative  plates.    The  con- 
taining vessels  are  best  made  of  stout  glass,  an  opportunity  being 
thus  afforded  for  the  proper  inspection  of  the  cell  ¥rithout  taking 
it  to  pieces  or  removing  the  plates.    The  upper  portion  of  the 
outer  surface  of  the  glass  vessel  should  be  coated  with  wax,  vase- 
line, or  some  such  material,  to  prevent  *  creeping '  and  escape  of 
the  current  by  way  of  the  moisture  that  would  otherwise  condense 
over  the  whole  of  the  external  surface.   To  further  ensure  good  in- 
sulation, the  cell  should  be  placed  on  a  varnished  wooden  tray  or  on 
two  triangular  pieces  of  wood  supported  by  insulators  of  the  so-called 
mushroom  pattern  illustrated  in  fig.  243.    A  sectional  view  of  the 
insulator  is  also  given  in  fig.  244.     The  channel  in  the  lower  cup 
contains  a  quantity  of  resin  oil  or  of  some  other  non-evaporating 
oil,  in  which  the  upper  cup,  coated  with  shellac  varnish,  rests. 
Sometimes,  however,  the  cells  are  simply  supported  on  shelving  made 
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of  three  or  four  strips  of  triangular  wood.  The  cells  should  not 
be  quite  in  contact,  but  tolerably  close  together,  and  the  connec- 
tions made  by  clamping  the  lead  strips  of  adjacent  cells  (itmlj 
together — the  positive  pole  of  one  cell  to  the  negative  of  ibe 


next,  and  so  on.  The  positive  poles  should  be  painted  red  for  the 
purpose  of  distinction.    Alt  leading  wires  should  be  as  short  and 
of  as  low  resistance  as  possible,  so  as  to  avoid  unnecessary  mslc 
of  energy  in  overcoming  the  resistance  of  the  connections. 
Fig.  245  illustrates  a  very  useful  form  of  cell  specially  con- 


structed for  tram  lightmg  It  is  enclosed,  like  other  classes  d 
cells  intended  for  ship  lightmg  carnage  lighting  &c.,  inateafcbta, 
and  contams,  to  suit  different  requu'ements,  either  nine  ot  fiftw 
plates  separated  by  celluloid  forks.  Sometimes,  in  order  to  fiirifcf 
avoid  the  risk  of  contact  and  short-circuiting  between  adjacent 
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plateSy  thin  perforated  celluloid  sheets  are  interposed  between 
them.  Connection  between  adjacent  cells  is  of  course  made  ex- 
ternally, rods  attached  to  the  connecting  strips  passing  through 
the  covers  for  the  purpose.  Connecting  rings  fit  on  to  these  rods, 
through  slots  in  which  wedges  are  driven  to  secure  good  electrical 
contact,  the  rings  being  joined  together  by  stout  wires  or  rods, 
as  indicated  in  the  figure.  Cells  are  also  made  specially  for  tram- 
car  driving,  these  being  constructed  as  light  as  they  practically  can 
be,  and  enclosed  in  teak  or  ebonite  boxes.  They  are  made  in 
four  different  sizes  containing  as  many  dfifferent  numbers  of  plates. 
A  few  details  concerning  some  of  these  various  types  of  cells 
will  doubtless  prove  of  service.  In  the  subjoined  table,  L  indicates 
cells  intended  for  general,  C  for  railway  carriage,  and  T  for  tramcar 
lighting. 
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Messrs.  Elwell  Parker  also  manufacture  a  very  useful  form  of 
secondary  cell,  the  main  principles  of  which,  however,  are  similar 
to  those  involved  in  the  construction  of  the  cell  just  described. 
Two  of  these  cells  are  shown  in  fig.  246.  The  distinguishing 
features  consist  in  the  construction  of  the  grids,  and  the  method 
of  supporting  the  plates.  The  grids  are  made  of  an  alloy  which 
is  said  to  be  considerably  stronger  than  the  material  formerly 
employed,  and  to  be  practically  inoxidisable  in  the  sulphuric  acid 
solution.     The  holes  in  the  grids  are  *  hurried '  over,  by  a  process 
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patented  by  Messrs.  Drake  and  Gorham,  so  as  to  form  '  lips,'  wWA 

assist  in  keeping  the  pellets  of  oxide  in  their  places.  The  pko 
are  ingeniously  supported  and  kept  in  position  by  means  of  round 
projections  which  fit  into  parallel  rows  of  holes  perforated  in  sbtai 
of  ebonite,  as  shown  in  the  figure.  This  is  a  detail,  but  it  isi 
feature  of  some  importance.  In  an  earlier  form  of  cell,  the  leaden 
pins  were  all  in  one  line,  so  that  should  any  conducting  materia!  bl 
into  the  cell  it  might  drop  across  them  and  cause  short-circuiting. 
To  effectually  prevent  contact  between  adjacent  plates,  snuU 
ebonite  '  forks '  are  placed  between  them,  and  the  set  of  plates  is 


supported  on  blocks  of  paraffined  wood  to  keep  them  clear  of  die 
bottom  of  the  cell. 

While  it  is  essential  that  great  care  should  be  eiercised  b  the 
manufacture  of  secondary  cells,  the  treatment  to  which  they  are 
subjected  is  also  a  matter  of  great  importance. 

The  charging  current  should  be  proportional  to  the  number 
of  plates,  and,  for  the  size  of  cell  used  for  lighting  purposes, 
should  be  equal  to  about  4  amperes  per  positive  plate,  so  that  tbe 
iS-plate  cell  requires  24  to  30  amperes.  When  the  current  exceeds 
this  amount,  it  cannot  increase  the  reduction  of  the  sulphate  of 
lead  in  proportion  to  the  extra  amount  of  current,  and  the  suiplos 
current  is  therefore  wasted  in  the  decomposition  of  water  and  (he 
premature  evolution  of  bubbles  of  oxygen  gas  from  the  positi\-e  sur- 
face, a  phenomenon  which  is  technically  known  as  boiling.   There 
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is  also  a  risk  that  the  too-powerful  current  will  cause  bending  or 
buckling  of  the  plates,  which,  being  very  close  together,  stand  a 
good  chance  of  making  contact  one  with  the  other,  and  so  short- 
circuiting  the  cell.  Precaution  has  also  to  be  taken  that  the 
electro-motive  force  of  the  charging  current  should  exceed  that  of 
the  subsequent  discharging  current  by  about  lo  per  cent.,  or  be 
at  the  rate  of  about  2*5  volts  per  cell,  being,  however,  a  little 
lower  at  starting  than  when  approaching  the  completion  of  the 
charge.  The  charging  should  be  continued  until  the  solution 
assumes  a  milky  appearance,  consequent  on  the  evolution  of  free 
oxygen,  the  positive  plates  having  then  absorbed  as  much  of  th^ 
gas  as  they  can  take  up.  The  e.m.f.  of  a  secondary  cell  rises, 
although  not  uniformly,  with  the  continuance  of  the  charging 
current.  In  some  important  experiments,  performed  by  Messrs. 
Drake  and  Gorham  with  a  battery  of  15  cells,  a  current  of  22 
amperes  was  employed,  by  which  the  e.m.f.  was  raised  from  2 '02 
to  2*53  volts  per  cell.  The  variations  in  the  rate  of  increase  are 
shown  in  fig.  247,  from  which  it  will  be  seen  that  after  220  ampere- 
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hours  had  been,  put  in,  that  is  to  say,  after  a  charging  current  of 
22  amperes  had  been  maintained  for  a  period  of  lo  hours,  the 
E.M.F.  had  risen  gradually  to  2-13  volts.  After  about  14  hours 
charging,  when  the  e.m.f.  was  2*17  volts,  a  somewhat  sudden  ris^ 
in  E.M.F.  was  observed,  which  was  continued  until  2*53  volts  were 
registered.  The  maximum  e.m.f.  usually  obtained  is  2-5  volts, 
at  which  point  gases  are  freely  evolved,  and  cause  the  milky 
appearance  already  referred  to  as  boiling.     It  was  for  some  years 
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considered  to  be  very  injurious  to  charge  the  battery  to  an  E.M-F. 
exceeding  about  2*25  volts  per  cell,  it  being  thought  that  charging 
beyond  this  point,  or  overcharging  as  it  was  called,  was  responsibfe  \ 
for  the  remarkable  tendency  of  the  plates  to  buckle  or  twist  oot 
of  shape,  and  so  to  loosen  and  detach  the  pellets-  This,  it  iras 
supposed,  was  brought  about  by  the  freed  oxygen  destroying  the 
grid.  It  has,  however,  been  conclusively  proved  that  overcharging 
is  not  only  harmless,  but  actually  beneficial.  In  the  experiment 
previously  referred  to,  some  cells  were  charged  without  cessation 
in  order  to  ascertain  the  exact  amount  of  current  necessary  to 
destroy  the  grid.  It  was  soon  evident  that  the  process  was,  at 
any  rate,  a  slow  one ;  but  the  experiment  was  continued,  until  the 
full  prescribed  current  had  been  passed  through,  for  more  than 
two  months.  At  the  end  of  that  time  it  was  found  that  the  lead 
conductor  was  practically  as  sound  as  before  charging.  The 
coating  of  fine  peroxide  formed  on  the  surface  was  very  thin; 
there  was  no  sign  whatever  of  buckling,  and,  further,  the  specific 
gravity  of  the  solution,  when  the  cells  were  left  in  their  then  id^ 
charged  condition,  remained  absolutely  unaltered.  The  conchi- 
sion  thence  drawn  was  that  the  oxidisation  of  the  grid  caused  bf 
charging  only  penetrated  to  a  very  limited  depth,  and  then  ceased 
entirely,  and  that  the  coating  of  fine  peroxide  formed,  actuaDf 
protected  the  grid  not  only  from  deterioration  by  overcharging 
but  also  from  local  action,  hitherto  supposed  to  be  unavoidable. 
It  was,  then,  established  that  the  life  of  the  grids  was  not  propor- 
tional to  the  amount  of  charging,  /.^.,  to  the  number  of  ampere- 
hours  put  into  a  cell.  We  shall  return  to  this  question  presently, 
but  it  is  necessary  now  to  enlarge  upon  the  precautions  to  be 
adopted  in  the  process  of  charging. 

The  solution,  prior  to  charging,  should  be  put  in  the  cells  to 
the  height  of  about  \  an  inch  above  the  negative  plates.  It  should 
contain  about  20  per  cent  of  pure  sulphuric  acid,  and  have  a 
specific  gravity  of  i '170  (that  is,  if  a  given  volume  of  water  weighs 
say  I  pound,  the  weight  of  an  equal  volume  of  the  solution  should 
be  I '170  pounds);  but  it  will  be  seen  from  the  equations  alreadj 
given  that  some  of  the  water  in  the  cell  is  changed  to  sulphuric 
acid,  and  causes  the  proportion  of  the  latter  to  rise  to  about  25 
per  cent,  increasing  the  specific  gravity  to  about  1*220.    This 
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accretion  of  sulphuric  acid,  which  is,  however,  lost  on  recharging 
the  cell,  raises  the  conductivity  of  the  liquid  about  10  per  cent. 

An  instrument  for  measuring  the  specific  gravity  of  the  acid 
solution  becomes,  therefore,  a  necessity.   Such  a  piece  of  apparatus 
is  called  a  hydrometer,  or,  for  this  special 
case,  an  acidometer,  a  useful  forjn  being 
that  shown  in  (ig.  348,  which  is  simply  a 
glass  tube  weighted  at  the  bottom  with  a 
quantity  of  small  shot.     The  lower  the 
specific  gravity  of  the  solution,  that  is  to 
say,  the  lighter  it  becomes  bulk  for  bulk, 
the  deeper  will  the  hydrometer  be  im- 
mersed.   As  the  liquid  increases  in  density 
the  instrument  becomes  relatively  lighter 
and  therefore  rises.      Consequently,  the 
scale  on  the  tube  can  be  made  to  indicate 
the  relative  density  corresponding  with  the 
various  depths  to  which  the  tube  descends. 
Another  very  useful  form  is  that  known  as 
Hicks'  hydrometer  (fig.  249),  which  con- 
sists of  a   flattened   glass   tube   with   the 
upper  end  bent  over  so  as  to  allow  it  to 
hang  on  the  edge  of  the  glass  containing- 
vesset,  the  tube  being  also  perforated  to 
bcilitate  the  free  circulation  of  the  solu- 
tion.    Inside  the  tube  are  four  small  glass 
globules   containing    liquids   of    different 
Specific   gravities  and    different  colours ; 
each  globule  rises  or  falls  at  a  distinct 
specific  gra\ity,  and  allows  thereby  the 
condition  or  relative  density  of  the  solu- 
tion to  be  very  readily  observed. 

During  the  discharge  the  density  of 
the  solution  falls  until,  when  the  cell  is 
practically  exhausted,  it  is  only  I'iso.  The  relative  density  of 
the  solution  thus  affords  an  excellent  means  of  ascertaining  the 
condition  of  the  cell. 

The  colour  of  the  plates  affords  another  good  indication  of 
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their  quality,  the  peroxidised  positive  plate  being  of  abrownii^Gr 
deep-reddish  hue,  and  the  negative  or  spongy  lead  pkte  beii^ 
coloured  grey  or  slate  tint.  There  is  thus  a  marked  distinctia 
in  the  colouration,  which  should  always  be  discernible. 

During  the  discharge  the  e.m.f.  of  the  cells  speedily  &Ibti! 
about  two  volts  each,  the  higher  initial  electro-motive  force  bein^ 
no  doubt,  mainly  due  to  the  presence  of  hydrogen  on  the  spoii^ 
lead  plate.  When  this  has  been  oxidised  there  remains  the  ksi 
surface  between  which  and  the  peroxide  plate  the  electro-motiw 
force  falls  very  slowly  to  about  I'gS  volt.  The  fall  is  then  slighth 
faster,  although  after  an  output  of  400  ampere-hours  at  the  rate  0^ 
25  amperes,  the  total  drop  from  the  time  that  the  cell  settles  do« 
to  steady  work  at  2*02  volts,  is  only  about  ten  per  cent  The  rate 
at  which  the  fall  of  E.M.F.  takes  place  is  clearly  shown  in  the 
instructive  curve  given  in  fig.  250,  determined  experimentally  by 
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Messrs.  Drake  and  Gorham.  The  discharge  was  continued,  ho»' 
ever,  until  the  'e.m.f.  was  only  1*80  volt  per  cell,  which  is  a  point 
about  0*1  lower  than  it  is  practically  advisable  to  go.  Widi  a 
fall  to  I '90  volt  the  difference  is  only  about  5  per  cent 

In  an  experiment  performed  to  ascertain  the  effect  upon  tbe 
plates  of  a  rapid  discharge  a  battery  was  divided  into  two  halves, 
one  of  which  (a)  was  repeatedly  run  out,  but  the  other  (b)  was  never 
discharged  beyond  the  point  at  which  the  e.m.f.  commenced  to 
drop.  The  experiment  extended  over  a  considerable  time,  hot 
gave  the  instructive  result  that  when  exactly  the  same  number 
of  ampere-hours  had  been  taken  out  of  each  half^  the  plates  of 

(a)  showed  signs  of  expansion  or  growing,  whereas  in  those  of 

(b)  no  change  could  be  detected.    The  life  of  the  grid  f«s 
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therefore  proved  to  be  dependent  not  on  the  amount  of  ampere- 
hours  taken  out,  or  on  the  work  done,  but  on  the  treatment  of 
the  plates. 

By  the  time  the  e.m.f.  has  dropped  to  1*90  volt  the  greater 
portion  of  the  surfaces  will  have  resumed  the  condition  of  lead 
sulphate  (PbS04),  and  there  will  then  be  considerable  risk  of  the 
formation  of  a  more  obdurate  form  of  sulphate,  PbaSOfi,  caused 
probably  by  the  PbS04  combining  with  the  monoxide.  This 
hard  white  sulphate  is  very  troublesome.  It  is  insoluble,  non- 
conducting, and  very  adhesive.  When  it  falls  off  the  plate  it 
generally  carries  with  it  some  of  the  active  material,  which  is 
therefore  wasted.  It  is  consequently  highly  important  that  the 
E.M.F.  of  the  cells  should  be  tested  periodically  with  a  special 
low-reading  voltmeter.  Two  or  three  of  these  instruments  were 
described  in  Chapter  VI. 

The  experiments  further  showed  that  buckling  was  almost  in- 
variably accompanied  by  the  formation  of  the  hard  sulphate  on  the 
€sice  of  the  plates,  and  that  this  enamelling  could  be  prevented  by 
charging,  and  was  not  due  to  impurities  in  the  oxides  or  acid  used ; 
further,  that  when  the  plates  were  free  from  sulphate  there  was  no 
tendency  to  buckle.  In  the  case  of  the  first  use  of  cells,  when 
the  acid  was  first  put  in,  the  specific  gravity  dropped  in  spite  of 
the  charging,  indicating  the  formation  of  sulphate ;  by  persevering 
in  charging  the  sulphate  disappeared,  and  with  it  the  tendency  to 
buckle.  It  is,  therefore,  evident,  as  already  stated,  that  in  order  to 
avoid  buckling  of  the  peroxide  plates,  cells  on  their  first  use 
(whether  new  or  after  long  disuse)  should  be  charged  incessantly 
until  they  are  considerably  overcharged. 

It  has  been  ascertained  that  in  almost  every  case  where  abnor- 
mal disintegration  takes  place  the  plugs  of  active  material  fall  out 
of  the  plates  in  complete  halves  and  in  very  hard  condition  ;  and 
analysis  has  shown  that  they  contain  an  excess  of  sulphate,  due  to 
insufficient  charging.  On  the  other  hand,  in  a  few  instances  the 
active  material  has  been  found  to  have  become  disintegrated  and 
Men  off  in  a  fine  powder,  and  this  was  specially  obser\-able  when 
on  account  of  a  leak  in  the  containing-vessel  and  consequent  fre- 
quent addition  of  water,  the  solution  had  become  extremely  weak 
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In  this  case  practically  no  sulphate  was  present,  and  the  mas 
simply  lost  cohesiveness. 

It  would  seem,  then,  that  a  certain  proportion  of  sulphate  h 
the  material  is  necessary  to  bind  together,  but  that  excess  must  be 
avoided. 

Buckling  appears  to  be  due  to  the  expansion  of  the  past 
during  sulphating,  for  lead,  being  a  very  ductile  but  non-dassk 
body,  does  not  re-assume  its  proper  shape  when  the  subseqoci: 
partial  contraction  of  the  paste  takes  place,  and  to  this  must  also 
be  attributed  the  loosening  of  the  pellets.  The  contraction  beii^ 
but  partial,  the  positive  plates  become  gradually  increased  in  siit 
with  continued  use. 

The  electrolytic  effect  of  the  oxygen  upon  the  lead  grid,  slot 
as  it  is,  is  to  render  it  more  or  less  brittle,  whence  the  bars  cxack 
and  split,  and  the  plate  is  then  practically  worn  ouL  Owing  to  tbe 
stretching  effect  of  the  paste,  it  is  necessary  that  the  grid  should  be 
of  equal  strength  throughout,  and  not  made  stronger  in  one  direc- 
tion than  in  another. 

Mr.  Reckenzaun  has  found  that  a  positive  plate  whidi  had 
when  new  a  surface  of  90  square  inches,  grew  to  94*76  inches 
after  one  year's  daily  use,  while  others  showed  when  almost  won 
out  an  increase  from  90  to  97  square  inches ;  these  measaremems 
being  simply  the  product  of  the  length  into  the  breadth  of  the 
plate,  and  independent  of  corroded  or  oxidised  furrows.  Tbe 
actual  amount  of  surface  in  contact  with  the  liquid  is  consideiablj 
greater  than  these  figures  would  indicate,  owing  to  the  iiregularidtt 
produced  by  the  solution.  The  life  of  a  positive  plate  is  not,  how- 
ever, so  brief  as  might  be  anticipated  from  the  many  litde  diffi- 
culties which  beset  it,  for  with  fair  and  continuous  usage  its  period 
of  durability  amounts  to  about  three  years.  The  decay  of  die 
plate  is  more  rapid  in  the  lower  than  in  the  upper  hal(  owing 
probably  to  the  greater  density  of  the  add  solution  in  that  poitioo 
of  the  cell.  The  life  of  a  negative  plate,  which  is  subject  to  but 
few  of  the  troubles  attending  the  positive  plate,  has  been  estimated 
at  ten  years,  although  it  remains  for  time  to  demonstrate  the  trutb 
or  otherwise  of  this  calculation. 

A  15-plate  cell  is  capable  of  yielding  a  current  ranging  from 
J  ampere  or  less  to  about  30  amperes,  or  at  the  maximum  rate  of 
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4  amperes  per  positive  plate.  The  discharging  current  may 
Ije  even  a  Httle  higher  than  the  maximum  used  in  charging.  It 
should  not,  however,  exceed  it  by  more  than  about  10  per  cent, 
otherwise  the  subsequent  efficiency  of  the  cell  will,  as  already 
shown,  be  seriously  imperilled.  Of  course,  the  total  output  cannot 
exceed  or  even  equal  the  amount  of  energy  put  in. 

When  the  rate  of  discharge  is  too  great,  there  is  considerable 
risk  of  causing  unequal  expansion  of  the  plates,  resulting  sooner  or 
later  in  buckling,  loosening  of  the  pellets,  and  short-circuiting.  It 
is  impossible  to  prevent  a  certain  amount  of  the  obdurate  sul- 
phate forming,  and  this  being  an  insulator  reduces  the  available 
active  surface  and  increases  the  resistance  of  the  cell.  As  already 
indicated,  considerable  difficulty  is  experienced  in  removing  this 
sulphate,  and  under  any  circumstances  a  certain  amount  of  dis- 
integration of  the  peroxide  is  sure  to  ensue. 

But  experiments  have  been  performed  which  tend  to  show  that 
with  a  considerable  increase  in  the  charging  e.m.f.  the  sulphate 
can  be  decomposed.  Its  formation  can  be  to  some  extent  pre- 
vented, by  the  addition  of  a  small  percentage  of  sodium  sulphate 

(NajS04). 

If  the  cells  are  discharged  and  then  left  to  stand  idle  for  any 
length  of  time,  the  sulphating  takes  place  rapidly,  and  causes  pre- 
mature buckling. 

*  The  capacity  of  a  cell  may  be  defined  as  the  amount  of  energy 
it  is  capable  of  storing,  and  is  calculated  generally  in  ampere-hours, 
that  is  to  say,  it  is  the  product  of  the  number  of  amperes  at  which 
the  cell  is  able  to  discharge,  into  the  number  of  hours  through 
which  it  can  maintain  that  discharge.  Capacity  is  also  estimated 
by  the  ratio  between  the  weight  of  the  material  and  the  electrical 
output.  Thus  the  ordinary  form  of  cells  yields  about  four  ampere- 
hours  per  pound  of  plates  complete,  while,  it  is  said,  the  best 
form  of  Plants  cells  only  yields  about  one-half  as  much.  The 
amount  of  surface  exposed  to  the  solution  really  determines  the 
charge  which  a  cell  can  receive,  and  is  therefore  a  measure  of 
its  capacity. 

The  capacity  of  a  cell  is  an  important  consideration,  seeing 
that  the  prime  cost  is  considerable,  that  the  cell  is  bulky  and  there- 
fore requires  correspondingly  ample  accommodation,  and  that  at 
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present  only  a  portion  of  the  plate  is  utilised.  The  capacity  cas 
be  increased  by  more  thoroughly  'forming'  the  paste  and  redudif 
the  metal  in  the  grid,  which  we  may  call  so  much  dead  weight,  be 
it  is  not  safe  to  carry  this  reduction  much  farther  than  has  alread? 
been  done,  or  there  will  be  considerable  risk  of  the  plate  bdng 
unable  to  bear  its  own  weight,  and  therefore  of  its  falling  to  pieces 
It  is,  however,  possible  that  some  more  active  pair  than  spoi^ 
lead  and  lead  peroxide  may  yet  be  discovered 

Many  attempts  have  been  made  to  use  other  electrodes  than 
lead  for  secondary  cells,  but  with  little  success.  Thus  one  was 
brought  out  in  which  there  was  a  lead  plate  to  be  peroxidised,  the 
other  plate  consisting  of  copper  to  be  alternately  dissolved  and 
deposited  from  a  copper  sulphate  solution ;  but  the  low  electro- 
motive force  of  this  cell  precluded  its  adoption.  For  someiHiai 
similar  reasons  the  adoption  of  other  suggested  solutions  has  been 
found  to  be  impracticable,  and  there  is  therefore  no  need  to  fuitber 
discuss  them  here. 

The  most  prominent  of  recent  productions  is  that  of  Mr.  Rtt- 
gerald,  who  makes  use  of  a  solid  block  of  peroxide  for  the  positive 
plate,  dispensing  altogether  with  the  grid.  He  calls  this  substance 
Mithanode,'  and  cells  containing  it  have  been  proved  to  bait 
considerable  capacity,  exceeding  5  ampere-hours  per  pound  of 
plates. 

There  is  also  the  possibility  tliat  some  improvement  in  tbe 
method  of  treatment  may  yet  be  discovered,  and  this  is,  a]^- 
rently,  not  such  a  very  remote  possibility,  seeing  that  three  or  four 
years  ago,  it  was  the  unanimous  opinion  that  overcharging  shouU 
be  carefully  guarded  against,  whereas  now  it  is  a  well-established 
fact  that  no  harm  can  possibly  arise  from  so  doing,  beyond  a  wast- 
ing of  energy,  while  beneficial  results  frequently  accrue. 

Coming  now  to  the  question  of  'efficiency,'  or  the  ratio  of  the 
energy  taken  out  of  the  cells  as  compared  with  that  put  into  them, 
it  may  be  repeated  that  the  former  can  never  equal  the  latter.  Toe 
phenomenon  of  boiling,  for  example,  is  an  evidence  of  eneigy 
being  wasted,  for  the  current  is  then  employed  in  the  unproduc- 
tive decomposition  of  water.  It  is  often  asserted  that  secondary 
cells  are  capable  of  giving  out  80  or  more  per  cent  of  the  charging 
energy,  and  this  may  be  true  with  small  cells  wholly  dischazgiedi 
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but  the  experience  of  those  who  have  given  the  matter  long  and 
earnest  attention  is  that  the  efficiency  of  cells  of  the  ordinary 
sizes,  discharged  to  their  proper  minimum  E.M.F.,  ranges  between 
65  and  70  per  cent.     Even  then  great  care  has  to  be  taken  that 
the  charging  current  is  of  the  right  strength  and  potential  differ- 
ence, and   that  the  cells  are  maintained  in  the  best  possible  con- 
dition.     The  efficiency  of  a  cell  depends  very  largely  on  the  rate 
at  which  the  energy  is  discharged,  that  is  to  say,  it  depends  upon 
the  current   strength  per  unit  of  surface,  or,  as  it  is  technically 
termed,  upK>n  the  *  current-density.* 

The  highest  safe  rate,  which  has  been  already  stated  to  be 
4  amp>eres  per  positive  plate,  is  equal  to  o*oi  ampere  per  square 
millimetre  of  surface,  and  an  experiment  with  a  small  cell,  quoted 
by  Mr.  W.  H.  Preece,  shows  how  the  efficiency  varied  with  the 
rate  of  discharge  or  current-density  thus  : — 

Current-deitnty  Ampere-honn 

0-013         •  •  • ^*^ 

0-048 30*5 

0-090 30*2 

It   may   be    stated  generally  that  the  lower  the  density,  the 
greater  the   efficiency,  for  with  small  cells  slowly  discharged,  an 
efficiency  or  electrical  return  of  upwards  of  95  per  cent,  has  been. 
obtained.      With  a  cell  discharging  at  the  rate  of  5  amperes,  an 
efficiency  of  90  per  cent,  might  be  obtained,  but  on  increasing 
the  current  to  4.0  amperes,  the  output  falls  to  about  50  per  cent., 
for  when   the   rate  of  discharge  is  high,  the  e.m.f.  is  rapidly  re- 
duced.     It  is  for  this  reason  that  with  the  1 5-plate  cell  previously 
described,   the   discharge  should  not  exceed  30  amperes,  and  if 
fully  charged,    such  a  battery  can  maintain  this  current  for  10 
hours,  indicating  a  commercial  capacity  of  300  ampere-hours. 

It  remains  now  to  consider  the  general  utility  and  appUcation 
of  secondary  cells.  These  features  may  be  classed  under  three 
heads,  viz.  storage,  regulation,  and  distribution 

As  a  means   of  storing  energy  to  be  aftemaxds  converted  into 
a  current  of  ^^^^"^^'f'^^  Wtery  stands  alone.    It  i^ 

often  compared  to  a  domestic  water  cistern  but  the  analogy  i 
not  a  very  Happy  one^  for  the  latter  r^^^^^^^ 
charge  of  water  to  be  delivered  in  ^^^^  f..^"!Sties  ^ 


488        "  Electrical  Engineering  chat.  ht. 

required,  while  the  former  frequently  receives  its  charge  gradualh 
or  even  intermittently  as  opportunity  arises,  whereas  its  rate  of 
discharge  often  approaches  the  highest  possible,  and  Irequemij 
exceeds  the  charging  rate,  when,  of  course,  the  duration  of  tbe 
discharge  is  considerably  shorter  than  that  of  the  charge. 

No  better  illustration  of  the  value  of  secondary  cells  as  a 
means  of  storing  electrical  energy  can  be  afforded  than  that 
referred  to  by  Mr.  Preece  in  a  lecture  before  the  Society  of  Arts. 
He  said:  'On  March  30  my  gas-engine  broke  down.  I  quite 
forgot  to  give  notice  to  the  makers  to  send  down  men  to  repair 
it  until  six  days  had  elapsed.  It  took  five  more  days  to  repair 
the  engine,  so  that  for  eleven  days  I  had  not  been  able  to  re- 
charge the  cells ;  but  during  all  these  days  the  light  never  failed, 
and  we  were  not  in  any  way  inconvenienced.  The  useful  capadtj 
of  my  cells  is  330  ampere-hours,  and  my  nightly  consumption  is 
now  about  30  ampere-hours.  This  was  a  very  good  test  of  the 
efficiency  of  the  cells,  for  I  obtained  from  them  nearly  all  the 
energy  they  could  usefully  give.  Only  two  cells  were  really  ex- 
hausted during  this  time,  but  as  I  had  two  spare  cells  to  repbce 
them,  their  exhaustion  did  not  cause  me  any  inconvenience. 
The  E.M.F.  fell  to  i'8  per  cell,  and  the  light  in  consequence  was 
not  so  brilliant  as  usual.  A  good  practical  test  of  the  efficiency 
of  a  battery  like  this  is  better  than  any  isolated  tests  on  single 
cells.'  It  will  thus  be  seen  that  the  use  of  a  secondary  battery 
reduces  considerably  the  risk  of  a  total  stoppage  resulting  from 
the  breakdown  of  the  engine  or  other  part  of  the  machinery. 

Secondary  cells  have  also  the  advantage  that,  where  they  are 
used  in  sufficient  numbers  to  maintain  the  ordinary  number  of 
lamps,  they  can,  on  emergency,  be  used  to  considerably  increase 
the  total  amount  of  current  supplied.  For  example,  suppose  the 
dynamo  to  be  able  to  generate  the  same  amount  of  current  as 
the  secondaries,  the  latter  can  be  charged  during  the  day,  and 
both  dynamo  and  battery  employed  independendy  for  lighting 
purposes  in  the  evening. 

The  battery  is  very  useful  as  a  regulator  for  maintaining  a  con- 
stant potential  difference  on  a  variable  circuit  which  is  being 
worked  by  a  dynamo  machine. 

For  such  work,  the  batter}*  \%  joined  up  across  the  terminals  of 
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the  dynamo,  which  is  constructed  and  driven  so  as  to  develop  a 
slightly  higher  E.M.F.  than  the  cells.  Should  the  dynamo  current, 
from  any  cause,  fall  in  e.m.f.  below  that  of  the  battery,  an  automatic 
switch  cuts  the  dynamo  out  of  circuit,  and  causes  the  circuit  to  be 
fed  from  the  secondaries  alone,  with  but  little,  if  any,  fall  in  the. 
strength  of  the  current.  Conversely,  should  the  dynamo  e.m.f, 
become  abnormally  high,  a  comparatively  strong  current  is  urged 
through  the  cells,  which  form  therefore  a  shunt  to  the  nmin  circuit 
and  so  keep  the  pressure  practically  uniform.  Other  applications 
of  a  somewhat  similar  character  will  be  discussed  when  dealing 
with  conductors. 

There  is  another  advantage  pertaining  to  the  use  of  secondary 
cells  consequent  on  the  fact  that  it  frequently  happens  that  the 
direct  employment  of  an  engine  and  dynamo  for  electric  lighting 
purposes  is  inconvenient  on  account  of  noise,  smell,  &c.  In  such 
cases  the  current  can  be  brought  to  the  house  by  wire,  and  the 
energfy  there  stored  up  for  future  use  by  means  of  secondary  bat- 
teries, machinery  of  every  kind  being  thus  dispensed  with. 

The  average  electro-motive  force  of  a  secondary  cell  being  two 
volts,  and  incandescent  lamps,  for  the  illumination  of  which  they 
are  mostly  employed,  being  generally  made  to  take  a  current 
with  a  potential  difference  of  either  50  or  100  volts,  it  follows  tliat, 
allowing  a  small  margin  for  loss  in  the  wires,  switches,  &c.,  27 
or  54  cells  joined  up  in  series  will  be  required  to  maintain  the 
necessary  potential  difference.  The  smaller  battery  of  27  cells 
would  produce  an  electro-motive  force  of  54  volts,  and  assuming 
each  cell  to  contain  15  plates  and  that  the  current  strength  is  28 
amperes,  the  total  output  would  be  at  the  rate  of  54  x  28=1512 
watts,  or,  reckoning  746  watts  to  the  horse-power,  a  trifle  over  two 
horse-power.  A  small  portion  of  the  electro  motive  force  would 
of  course  be  absorbed  in  overcoming  the  resistance  of  the  battery 
itself  and  its  connections,  the  resistance  of  each  cell  during  dis« 
charge  being  about  0*0012  ohm.  The  internal  resistance,  how- 
ever, varies,  as  already  stated,  with  the  density  of  the  solution  and 
the  condition  of  the  plates. 

An  important  piece  of  apparatus  used  in  connection  with 
secondary  cells  is  the  automatic  switch,  illustrated  in  fig.  251,  which 
serves  the  function  of  automatically  making  and  breaking  the 
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charging  circuit  at  the  correct  moment,  the  circuit  bdng  dosed 
soon  after  the  e.m.f.  of  the  dynamo  exceeds  the  counter  e.ilt.s 
the  battery  terminals  by  a  predetennined  amount,  and  broken » 
soon  as  the  current  falls  to  zero,  the  rupture  of  the  circuit  bein{ 
accomplished  without  sparking.  It  consists  of  a  horse-shoe  da- 
uo-magnet  fixed  verticaBi 
and  provided  with  laije  pde- 
pieces,  approaching  somt- 
what  closely  one  to  to 
other ;  a  long  central  tongw 
oscillates  between  these  pole- 
pieces,  and  has  wound  ow 
it  a  coil  of  fine  wire  joined 
in  parallel  with  similar  fine 
wire  coils  on  the  outa  1^ 
of  the  magnet,  and  foming 
a  shunt  across  the  djiwnw 
terminals.  On  starting  the 
machine,  the  current  passo 
through  these  coils,  be 
when  the  E.M,r.  rises  to  tlie 
required  point,  the  tongue  B 
attracted  against  the  pull  rf 
a  spiral  spring,  and,  nibbii^ 
against  the  flat  contact  spring,  closes  the  main  circuit,  which  is 
completed  through  a  few  turns  of  thick  wire  on  the  limbs  rf 
the  magnet,  the  direction  of  the  current  round  the  tongue  and 
through  the  thick  wire  coils  being  such  as  to  hold  the  tongue 
firmly  over  on  the  main-circuit  spring.  The  thin-wire  shunt  cob 
round  the  magnet  limbs  are  disconnected  when  the  tongue  is  thus 
drawn  over.  On  the  cessation  or  failure  of  the  main  current,  the 
Spiral  spring  draws  the  tongue  away  from  the  main-circuit  ^xing 
and,  completing  the  shunt  circuit,  places  the  apparatus  in  readiness 
for  charging  immediately  the  E.M.r.  rises  to  the  required  value. 

Another  useful  piece  of  apparatus  is  an  automatic  alanun,  the 
object  of  which  is  to  indicate  when  an  excessively  high  cunent  is 
being  drawn  from  the  cells.  In  one  of  these  alarums  is  a  verticallf 
fixed  solenoid  consisting  of  a  few  turns  of  thick  wir^  placed  in  the 
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circuit  When  the  current  exceeds  a  certain  prescribed  limit, 
tie  soft  iron  core  is  attracted,  and  a  horizontal  spring  attached  to  it 
OYinpletes  a  local  circuit,  causing  one  of  the  cells  to  send  a  current 
brough  an  ordinary  electric  trembling  bell. 

In  addition  to  these,  there  are  many  other  pieces  of  apparatus, 
ng^enious  in  their  way,  and  useful  for  special  purposes,  which  we 
leed  scarcely  describe,  although  some  of  them  will  be  referred 
to  in  the  closing  chapter. 
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CHAPTER  XV. 

ARC   LAMPS. 

Until  within  the  last  few  years  electric  lighting  was,  except  in 
the  laboratory,  only  performed  by  the  agency  of  the  electric  arc,  a 
development  of  the  classical  experiment  made  by  Davy  in  1810, 
when  he  employed  2,000  primary  cells  of  a  very  crude  type,  which 
he  connected    to    two  pieces  of   light    wood    charcoal    about 
an  inch  long  and  one-sixth  of  an  inch  in  diameter.     When  these 
*were  brought  near  each  other,  (within  the  thirtieth  or  fortieth 
part  of  an  inch),  a  bright  spark  was  produced,  and  more  than  half 
the  volume  of  the  charcoal  became  ignited  to  whiteness  ;  and,  bf 
withdrawing  the  points  from  each  other  a  constant  discharge  took 
place  through  the  heated  air  in  a  space  equal  at  least  to  four 
inches,  producing  a  most  brilliant  ascending  arch  of  light,  broad 
and  conical  in  form  in  the  middle.'    When  any  substance  was 
introduced  into  the  arc  produced  by  this  battery  '  it  became  in- 
candescent :  platinum  melted  like  wax  in  the  flame  of  a  candle ; 
sapphire,  magnesia,  lime,  and  the  most  refractory  substances  were 
fused.     Fragments  of  diamond  and  granite  rapidly  disappeared 
without  undergoing  any  previous  fusion.'  The  arched  form  taken 
by  the  luminous  particles  of  carbon,  resulted  from  the  upward 
rush  of  the  subjacent  heated  air.    Were  the  carbons  placed  verti- 
cally, the  particles  would  be  disposed  more  symmetrically,  and 
bear   little  or  no  resemblance  to  an  arch.     The  term  arch,  in 
its  abbreviated  form,  arc,  is,  however,  retained  as  the  name  of  the 
luminous  space  between  the  carbons. 

The  electric  arc  can  be  reproduced  by  placing  in  electrical 
contact  two  pieces  of  carbon,  either  of  the  gas-retort  or  of  the  pre- 
pared type,  these  forming  the  electrodes  of  a  battery  of  twenty-five 
or  more  Grove  or  other  cells  of  a  similar  E.M.F.,  and  then  drawing 
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the  carbons  apart  for  a  short  distance.  The  electro- motive  force 
of  such  a  battery  is  altogether  inadequate  to  cause  a  spark  to  dart 
across  even  the  shortest  air  space.  When,  however,  these  rods  are 
made  to  touch,  a  current  is  initiated,  the  particles  in  contact  are 
immediately  heated,  and  on  separating  the  contact -surfaces,  mole- 
cular disintegration  and  volatilisation  take  place  and  the  air  space 
is  impregnated  with  so  great  a  quantity  of  carbon  particles  raised 
by  the  current  to  a  state  of  incandescence,  that  the  resistance  of  the 
space  is  so  far  reduced  as  to  allow  the  current  to  be  maintained. 
The  initiation  of  the  arc  is  assisted  by  the  momentary  increase  in 
the  current  due  to  self-induction  in  the  circuit  when  the  carbons  are 
separated.  The  distance  to  which  the  carbons  can  be  separated 
without  absolutely  disconnecting  the  circuit  and  so  causing  the 
arc  to  be  broken,  depends  upon  the  e.m.f.  of  the  battery,  and  can 
therefore,  within  certain  limits,  be  increased  by  increasing  the 
number  of  cells,  or  the  potential  difference  at  the  dynamo  terminals. 
The  maintenance  of  the  ends  of  the  carbon  rods  in  a  state  of 
incandescence  also  involves  a  certain  amount  of  consumption  by 

ordinary  combustion,  some  of  the  parti-  ^___ 

cles  uniting  chemically  with  the  con- 
stituents of  the  atmosphere,  although 
the  [HOductS  of  combustion  are  very 
much  smaller  in  quantity  and  far  less 
harmful  than  those  derived  from  a  gas, 
oil,  or  candle  flame.  The  two  rods  are 
not,  however,  consumed  at  equal  rates, 
the  consumption  of  the  rod  connected  to  I 
the  positive  pole  of  the  dynamo  or  b 
tery,  and  called,  therefore,  the  positive  I 
carbon,  being  approximately  twice  as 
much  as  that  of  the  other  or  negative 
carbon  ;  but  this  must  not  be  taken  as  | 
being  invariably  correct.  One  very  in- 
teresting and  important  feature  in  con- 
nection with  the  electric  arc  is  the 
difference  of  formation  given  to  the  carbon  rods.  The  end  of  the 
positive  rod  becomes  in  a  short  time  (see  fig.  35a)  worn  down  to  a 
somewhat  conical  form,  the  apex  of  the  cone  being,  however,  absent, 
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and  the  carbon  hollowed  out  so  as  to  form  a  kind  of  .crater,  and  it 
is  in  the  hollow  of  this  crater  that  the  most  intense  heat  is  de^ 
loped,  constituting  it,  therefore,  the  chief  source  of  light.  Tte 
negative  rod  is  gradually  consumed  until  its  extremity  is  of  a  feiiiy 
true  conical  shape,  but  it  is  interesting  to  observe  that  some  of  dx 
particles  of  which  the  positive  rod  is  denuded  are  condensed  upra 
the  surface  of  the  negative  rod.  When  gas-retort  carbon  is  used, 
the  impurities  fused  give  rise  to  small  nodular  growths  which, 
under  a  lens  or  even  a  common  magnifying  glass,  impart  to  die 
rods  a  remarkable  appearance.  These  nodular  excrescences  do 
not  manifest  themselves  when  prepared  carbons  are  emi^oyed. 
Their  very  presence  denotes  a  wasteful  consumption  of  ener^gy,  for 
they  are,  as  it  were,  sorted  out  from  the  other  constituents  of  tbe 
electrodes  ;  they  are  then  concentrated  and  liquefied,  and  uiged 
across  the  arc  from  one  carbon  to  the  other,  without  emitting  that 
percentage  of  light  rays  which  would  arise,  weie  the  eneigy  thqr 
absorb  expended  on  the  carbon. 

.  In  consequence  of  the  unequal  consumption  and  the  remaik- 
able  difference  in  the  ultimate  formation  of  the  extremities  of  the 
carbon  rods,  much  of  the  light  is  really  lost ;  more  e^)ecially  is  the 
so  when,  the  carbons  being  placed  vertically  one  over  the  ctbo^ 
the  light  is  required  in  a  horizontal  direction  on  one  side  of  thelamp^ 
This  loss  can  be  partially  avoided  by  placing  the  lower  carbon  a 
little  out  of  line  with  the  upper  one,  so  that,  instead  of  a  crater  being 
produced  at  the  end  of  the  upper  or  positive  rod,  the  carbon  is 
burned  away  in  a  more  or  less  perfect  curve  on  one  side  of  the  rod, 
the  incandescent  surface  behaving  to  some  extent  as  a  reflector  and 
projecting  the  light  in  a  horizontal  plane. 

\  In  some  experiments  performed  at  the  South  Foreland,  it  was 
found  that,  the  intensity  of  luminosity  in  a  horizontal  direction  from 
ah  arc  established  between  two  carbons  placed  vertically  one  over 
the  other  being  taken  at  loo,  the  relative  intensity  when  the  lower 
end  of  the  upper  carbon  was  placed  just  behind  the  upper  end  of 
the  lower  one  was — 

In  front      .        .  .     287  or  2-87  times  as  strong. 

On  one  side       .  .     116  „  i'i6     „  „ 

On  the  other  side  .     116  „  i'i6     „  „ 

Behind       .        .  .38,,  038     „  „ 
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Of  course,  this  disposition  of  the  carbons  is  only  of  service 
when  the  light  is  required  to  be  concentrated  on  one  side  of  the 
lamp. 

In  some  instances  the  light  is  maintained  by  an  alternating 
current,  and  under  such  circumstances  the  ^crater  and  cone' 
formation  of  the  carbons  does  not  result,  both  carbons  being 
more  or  less  pointed,  and  consumed  at  equal  rates.  A  lamp 
fed  by  such  a  current  does  not,  therefore,  direct  so  many  of 
the  light-rays  downwards,  as  compared  with  a  direct  current 
lamp,  but  diffuses  them  more  uniformly  in  all  directions.  For 
ordinary  purposes  the  direct  current  lamps  are  to  be  preferred, 
for  it  rarely  happens  that  the  light  is  required  to  be  directed  up- 
wards or  even  horizontally. 

It  is  very  difficult  to  ascertain  the  temperature  of  the  electric 
arc,  and  it  has  been  variously  estimated.  The  positive  carbon  is 
probably  heated  to  a  temperature  somewhere  between  2,400^  and 
3,900**  C,  and  the  negative  to  between  2,100**  and  2,500®  C. 

The  phenomenon  which  we  have  referred  to  as  molecular  disin- 
tegration, and  which  is  one  of  the  distinctive  features  of  the  electric 
arc,  may  perhaps  be  more  correctly  described  as  a  case  of  actual 
volatilisation.  So  far,  it  has  been  impossible,  by  any  other  means 
of  heating  available,  to  convert  carbon  into  the  liquid,  much  less 
into  the  gaseous  condition.  Were  it  possible  to  volatilise  this  highly 
refractory  material,  a  knowledge  of  the  temperature  at  which  the 
conversion  takes  place  would  be  useful  in  determining  the  actual 
temperature  of  the  arc.  It  is,  however,  a  matter  of  common  know* 
ledge  that  all  bodies  on  being  raised  to  the  same  degree  of  tem- 
perature become  equally  luminous,  and  that  a  given  luminosity 
results  from,  or  is  dependent  upon,  a  definite  temperature.  It 
follows  from  this,  that  if  on  different  occasions,  a  carbon  rod  were 
raised  to  the  same  luminosity,  it  would  be  at  the  same  tempera- 
:ure,  and,  vice  versdy  if  it  were  raised  to  the  same  temperature  on 
lilTerent  occasions,  the  light  emitted  in  each  case  would  be  of  the 
same  intensity. 

For  the  sake  of  those  of  our  readers  who  are  not  acquainted 
vith  the  character  of  a  beam  of  light,  a  few  words  on  the  subject 
nay  not  be  out  of  place.  Pure  white  light  is  in  reality  composed 
>f  rays  of  seven  different  colours  superposed  upon  one  another,  or 
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blended  together.  These  colours  are  red,  orange,  yellow,  green, 
blue,  indigo,  and  violet,  and  it  is  by  the  simultaneous  reception  d 
these  rays,  in  certain  definite  proportions,  by  the  optic  nerves^  that 
the  sensation  of  white  light  is  conveyed  to  the  brain.  The  gent 
rally  accepted  theory  which  endeavours  to  explain  the  maoBO 
in  which  a  beam  of  light  is  propagated,  is  based  on  the  assumptioa 
that  all  interstellar  space,  and  likewise  the  space  between  the 
mmute  particles  of  all  material  bodies,  is  pervaded  by  that  m\^ 
terious  medium  already  referred  to  as  ether. 

A  body  may  be  said  to  be  a  luminous  substance  when  it  ist 
source  of  light-rays,  such  as  the  sun  or  a  candle  flame.  Nov  die 
luminosity  of  a  body  is  ascribed  to  an  almost  infinitely  np^ 
vibration  of  its  molecules  ;  this  vibratory  motion  is  communicated 
to  the  ether  particles  pervading  and  enveloping  the  substance,  and 
is  propagated  in  all  directions  in  the  form  of  s^^iericai  waf^ 
motions.  The  colour  of  the  ray  varies  with  or  is  determined  bf 
the  rate  of  vibration.  The  velocity  with  which  light  travels  is 
about  186,000  miles  per  second,  and  it  has  been  calculated  dor 
the  length  of  a  wave  of  the  eictreme  red  end  of  the  specdno 
(that  is  to  say,  of  a  luminous  ray  having  the  lowest  rate  of  vifao* 
tion),  is  such  that  39,000  such  waves,  placed  end  to  end,  vodd 
cover  only  one  inch,  while  64,631  of  the  extreme  violet  www 
would  be  required  to  span  the  same  distance.  It  foUows  that  in 
one  second,  464  millions  of  millions  of  red  waves,  and  678 
millions  of  millions  of  violet  waves,  enter  the  eye  and  strike  the 
optic  nerves. 

If  a  beam  of  solar  light  (s,  fig.  253)  is  allowed  to  pass  throo^i 
hole  in  the  shutter  or  wall  of  an  otherwise  absolutely  dark  room,  it 
will  illuminate  a  small  section  of  the  floor,  k,  but  if  a  prism  01 
wedge-shaped  piece  of  glass  (p)  is  placed  in  the  track  of  the 
beam  of  light,  after  the  manner  shown  in  the  diagram,  the  beaffi 
will  be  diverted  and  the  rays  separated ;  on  emerging  and  beiog 
allowed  to  fall  upon  the  screen,  h,  or  even  on  the  wallof  therooni 
it  will  be  found  to  consist  of  the  seven  colours  above  enumerated. 
This  many-coloured  band  of  light  is  generally  referred  to  as  the 
spectrum. 

If  the  beam  is  not  of  a  pure  white  colour,  the  impurity  or 
irregularity  may  be  due  to  the  chemical  constitution  of  the  sooroe 
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of  tight,  or  to  varying  degrees  of  luminosity.  For  example,  if  a 
t>eam  from  a  red-hot  substance  is  allowed  to  fall  upon  the  prism, 
:he  decomposition  or  separation  of  the  rays  will  not  result  in  the 
[bnnadon  of  the 
leven  coloured 
lands,  those  near 
lie  violet  end 
■A  the  spectrum 
xing  absent  on 
iccount  of  the 
ribrations  being 
nsufficiently  rapid 
o  produce  them. 
A^cn  a  source  of 
ight  is  heated  to 
lifierent  degrees 
}f  luminosity,  the 
pcctra  resulting  therefrom  will  consequently  vary,  while,  on  the 
ither  hand,  if  it  is  raised  at  different  times  to  the  same  tempera- 
are,  and  therefore  to  the  same  degree  of  luminosity,  the  spectra 
)btained  will  be  identically  the  same  in  each  case.  Now  it  has  ' 
>een  ascertained  that  the  spectra  of  the  white  light  emitted  by 
be  incandescent  crater  of  the  positive  carbon  are  always  identi* 
ally  the  same,  that  in  fact  the  same  proportion  between  the 
wious  coloured  bands  is  always  evidenced,  whence  it  is  at  once 
leduced  that  the  temperature  of  that  portion  of  the  arc  is  always 
aised  to  the  same  point.  This  constitutes  one  great  reason  for 
ccepdng  the  proposition  that  the  transference  of  carbon  particles 
rom  the  positive  to  the  negative  rod,  is  caused  by  a  volatilisation 
t  the  former  and  a  resoliditication  at  the  latter  ;  for,  so  far  as 
xperiment  has  hitherto  led  us,  there  is  for  a  given  material,  a 
onstant  critical  point  of  temperature  at  which  a  change  from  the 
olid  to  liquid  or  to  the  gaseous  state  ensues,  and,  the  most  im- 
ortant  point  of  all,  this  temperature  is  not  any  further  increased 
intil  the  whole  of  the  solid  body  has  been  so  changed.  It  will 
e  evident  that  the  admixture  with  the  carbon  of  any  foreign 
lody  (all  such  bodies  having  a  lower  critical  point  of  temperature 
ban  carbon),  must  lower  the  temperature  at  which  volatilisation 
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ensues,  and  therefore  reduce  the  luminosity  of  the  crater,  Moi€^ 
over,  when  a  body  is  transformed  from  the  solid  to  the  liquid  op 
gaseous  state,  a  certain  amount  of  heat,  known  as  the  latent  heat,  zs 
absorbed  in  the  process.  Thus  one  pound  of  ice  at  the  freediu 
tempe]:ature  absorbs  about  as  much  heat  during  its  converse 
into  water  at  the  same  temperature,  as  would  suffice  to  raise  tbe 
Same  mass  of  water  from  the  freezing  temperature  to  80°  C; 
whence  the  latent  heat  of  water  is  said  to  be  80**  C  On  the 
other  hand,  when  a  liquid  is  solidified  a  corresponding  amouc 
of  heat  is  given  out  during  the  change.  Thus  one  pound  of  water 
at  the  freezing  temperature  in  being  converted  into  ice,  gives  oa 
as  much  heat  as  would  raise  the  temperature  of  the  same  mass  to 
80°  C,  Returning  then  to  the  electric  arc,  if  the  positive  caiboe 
is  more  or  less  volatilised,  a  certain  quantity  of  heat  is  absorbed 
in  bringing  about  the  change,  whence,  on  the  carbon  being  icso- 
lidified  on  the  negative  rod,  a  corresponding  quantity  of  beat  ^ 
evolved. 

'  These  reactions  have  been  made  to  account  for  a  very  ^^ 
markable  phenomenon  pertaining  to  the  electric  arc.  It  has  beeo 
found  that  when  the  arc  is  established  a  back  or  counter  £.m.f.  is 
set  up  amounting  to  nearly  39  volts.  This  effect  is  somevhas 
analogous  to  that,  accounting  for  the  reaction  which  is  set  i? 
when  a  current  is  sent  through  a  voltameter,  and  which  was  fuOy 
entered  into  in  the  preceding  chapter.  The  effect  is  also  paiafld 
to  that  remarkable  feature  in  the  action  of  electric  motors^  viz.,  the 
counter  e.m.f.  which  is  set  up  by  the  armature  when  it  is  caused 
to  revolve  in  an  established  electro-magnetic  field.  In  fact,  the 
phenomenon  affords  a  new  demonstration  of  the  law  that  evert 
action  brought  about  by  any  force,  sets  up  a  reaction  or  counter- 
force. 

The  theory  of  the  existence  of  this  counter  e.m.f.  does  do:, 
however,  depend  solely  upon  the  assumed  volatilisation  and  re- 
solidification  of  the  carbon  particles.  It  is  a  matter  of  genenJ 
knowledge,  and  one  which  has  given  rise  to  many  different  con> 
jectures,  that  the  apparent  resistance  of  the  arc  does  not  increase 
proportionally  with  the  distance  between  the  rods.  The  resistance 
of  an  arc  of  one-tenth  of  an  inch  appears,  in  fact,  to  be  nothing 
like  double  that  of  an  arc  of  one-twentieth  of  an  inch.    li^  bow- 
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ever,  the  resistance  of  the  air  space  with  its  impregnation  of 
carbon  particles,  were  the  only  element  entering  into  the  question, 
the  resistances  in  these  two  cases  should  be  exactly  as  two  to  one. 
Now,  experiments  have  been  made  with  arcs  of  different  lengths 
(the  electro-motive  force  being  also  varied  so  as  to  keep  the 
current  strength  constant),  with  the  result  that,  allowing  for  a 
definite  counter  rm.f.  of  39  volts,  there  remained  a  resistance 
-which,  as  we  should  expect,  varied  proportionally  with  the  length 
of  the  arc,  and  affording  thereby  a  demonstration  of  the  actual 
existence  of  the  counter  E,M.r. 

The  great  practical  lesson  to  be  derived  from  a  knowledge  of 
this  effect  is  that  the  E.M.F.  of  the  current  which  is  passed  through 
the  lamp  must  always  exceed  39  volts,  or  it  will  fail  to  maintain 
the  arc,  in  just  the  same  manner  that  an  e.m.f.  exceedmg  1*47 
volts  must  be  employed  to  decompose  water.  It  is  in  fact  usual 
to  provide  an  e.m.f.  of  between  44  and  50  volts  for  each  lamp, 
the  actual  or  net  resistance  of  the  arc  itself,  that  is,  of  the  air  space 
separating  the  carbons  when  they  are  in  the  normal  position  for 
hghting,  or  at  a  distance  of  about  3  millimetres  apart,  being 
variously  estimated  at  something  between  one-eighth  and  one-half 
of  an  ohm. 

The  resistance  of  prepared  compressed  carbon  varies  with 
the  different  makers,  the  resistance  of  one  specimen  amounting 
io  2,430  times  that  of  a  similar  piece  of  pure  copper,  or  nearly  4,000 
microhms  per  cubic  centimetre.  The  specific  resistance  of  the 
comparatively  impure  and  more  crystalline  gas-retort  carbon  has 
been  shown  to  be  about  1 7  times  as  great  as  that  of  the  prepared 
material.  The  actual  resistance  of  the  prepared  carbons  ordinarily 
used  for  arc  lamps  is  about  o"i5  ohm  per  foot.  In  order  to 
reduce  this  they  are  frequently  coated  with  a  very  thin  layer  of 
copper  deposited  electrolytically.  But  great  care  must  be  taken 
that  the  metallic  deposit  i&  very,  thin,  otherwise  it  will  melt  for 
some  distance  up  the  rod,  and  there  will  be  a  danger  of  fused 
globules  falling  off  on  to  the  glass  globe  and  fracturing  it.  It 
may  also  be  in  sufficient  quantity  to  decidedly  tinge  the  flame  of 
the  arc  with  the  characteristic  green  hue  of  burning  copper. 

The  composition  and  method  of  preparing  or  manufacturing 
artificial  carbons  varies  considerably,  the  precise  details  being  in 
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most  cases  regarded  as  trade  secrets.  Generally,  however,  iiivdjr 
pulverised  coke  forms  the  basis,  this  being  intimately  mixed 
with  pure  carbon  powder  derived  from  the  destructive  distillation 
of  some  such  organic  substances  as  gas-tar,  pitch  or  bitumen.  An 
adhesive  substance,  such  as  a  syrup  of  cane  sugar  and  gum,  is  then 
added  to  make  a  paste,  the  rods  being  shaped  by  fotcing  the 
mixture  with  considerable  pressure  through  a  die  plate.  The  nxk 
so  formed  are  then  baked  in  an  oven  a  number  of  times,  to  de- 
compose the  carbonaceous  compounds,  and  drive  off  the  volatik 
constituents.  Immersion  in  syrup  usually  takes  place  between 
the  bakings.  But  great  care  is  taken  to  remove  any  foreigD 
substance  from  the  ingredients,  and  so  to  ensure  the  productioo 
of  a  homogeneous  rod,  for,  as  will  have  been  already  gathered,  the 
presence  of  foreign  bodies  in  the  arc  causes  fluctuations  in  its 
luminosity,  and  considerable  variations  in  its  colour. 

The  chief  requirements  which  it  is  necessary  that  a  carbon  rod 
should  fulfil  are  then,  that  it  should  be  dense,  that  its  molecokr 
or  mechanical  structure  should  be  uniform,  that  it  should  be  puie^ 
and  that  its  electrical  resistance  should  be  low.  The  diameter  of 
the  rod  varies  with  the  light  it  is  required  to  give  or  the  cmnent 
it  is  required  to  carry,  those  most  frequently  employed  ranging 
from  7  to  lo  millimetres  in  thickness,  and  diese  give  an  actual 
luminosity  of  about  875  candle-power  per  \  horse-power  absorbed, 
and  approximately  this  may  be  taken  as  the  power  required  and 
the  actual  amount  of  light  emitted  by  an  ordinary  arc  lamp.  The 
usual  practice  of  referring  to  the  light  of  such  a  lamp  as  being  of 
2,000  or  more  nominal  candle-power  is,  therefore,  very  misleading. 
The  use  of  globes  still  further  reduces  the  actual  amount  of  light 
obtained  from  the  lamp. 

The  proportion  of  light  cut  off  by  globes  has  been  determined 
to  be  : — 


For  clear  glass 

•    about  10  per  cent 

9)    light  ground  glass    . 

f»    3®      » 

„    heavy      „         „       . 

.    45  to  50      „ 

„    strong  opal        „      . 

•     50  to  60      ,9 

Assuming  an  arc  lamp  to  give  a  light   of  875  candle-power 
when  the  current  strength  is  10  amperes  and  the  E.M.F.  50  volts 
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it  will  be  evident  that  this  amount  of  light  is  produced  at  a  cost  of 
500  watts,  so  that  were  a  lamp  to  consume  one  electrical  horse- 
power or  746  watts,  it  should  yield  a  light  of  about  1,300  candle- 
power.  Allowing  for  the  various  losses  in  the  conversions,  it  may 
be  taken  that  on  an  average  arc  circuit,  the  engine  indicates  one 
horse-power  for  each  ordinary  or  875  candle-power  lamp. 

The  Jablochkoff  *  candle,'  which  was  devised  by  M.  Paul 
Jablochkoff  in  1872,  and  which  caused  considerable  excitement 
at  the  Paris  Exhibition  of  1878,  is  undoubtedly  the  simplest  form 
of  arc  lamp  yet  introduced,  although,  as  it  is  not  economical,  it 
is  used  less  extensively  than  it  otherwise  would  be.  The  candle 
consists  of  two  pencils  of  prepared  carbon  about  22  centimetres 
long  and  4  millimetres  in  diameter,  fixed  parallel  to  one  another 
but  separated  by  a  strip  2  millimetres  thick,  of  some  fusible 
non-conducting  material  such  as  kaolin.  Pieces  of  split  brass 
tubing,  5  centimetres  long,  are  placed  over  the  lower  ends  of 
tbe  carbon  pencils  and  serve  to  form  connection  with  the  holder 
which  is  attached  to  the  base  of  the  lamp.  The  upper  ends  of 
the  pencils  are  scarfed,  and  a  small  lighting  fuse  consisting  of  a 
paste  of  plumbago  and  gum  serves  to  connect  them  together  elec- 
trically and  affords  a  path  for  the  initial  flow  of  the  current.  This  fuse 
is  speedily  consumed  and  the  arc  established.  The  consumption  of 
the  positive,  as  compared  with  the  negative  carbon  being  with  a 
direct  current  approximately  as  2  :  i,  an  alternating  current  is 
employed,  so  that  the  pencils  are  uniformly  consumed,  the  in- 
sulating material  also  being  burnt  at  the  same  rate.  Each  candle 
lasts  about  an  hour  and  a  half,  and  owing  to  the  interposition 
of  the  insulating  strip,  that  is,  to  the  separation  of  the  carbons,  a 
candle  after  having  been  once  extinguished  cannot  be  re-ignited 
unless  a  fresh  lighting  fuse  is  added,  or  the  pencils  temporarily 
connected  by  a  piece  of  wire,  or  another  piece  of  carbon. 

The  lamps  are  joined  in  series  on  a  circuit  through  which  a 
current  of  eight  amperes  is  sent,  the  potential  difference  neces- 
sary at  the  terminals  of  each  lamp  being  about  42  volts.  The 
rate  of  consumption  of  electrical  energy  is  therefore  about  336 
watts,  and  this  is  sufficient  to  yield,  from  an  open  light,  a  lummo- 
sity  of  400  actual  candle-power. 

It  is  customary  to  fix  a  number  of  candles,  generally  four,  in  a 
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lamp,  and  consume  them  in  succession.  In  this  way,  the  light 
can  be  maintained  for  six  hours  without  any  attention  being  given 
beyond  that  of  turning  a  switch,  so  as  to  divert  the  current  from 
one  candle  to  another.  The  form  of  candle-holder  most  fre- 
quently employed  consists  of  two  short  rigidly  fixed  pOlars,  one  of 
them  being  slotted  so  as  to  allow  a  small  play  for  a  triangular 
piece  carrying  the  socket  for  one  of  the  carbons,  the  other  socket 
being  cut  in  the  other  pillar.  A  stiff  flat  spring  presses  against 
the  free  comer  of  the  triangular  piece,  which  can  be  moved  to  and 
fro  in  the  pillar.  On  pressing  the  candle  in  between  these  pillars, 
a  good  mechanical  support,  as  well  as  good  electric^  contact,  y% 
afforded. 

There  are  two  kinds  of  lamp  bracket  for  supporting  the  holders. 
In  one  of  them,  one  pillar  of  each  of  the  holders  is  electrically 
connected  to  a  common  terminal,  the  other  pillars  being  connected 
each  to  a  separate  terminal,  so  that  at  least  five  leads  are  neces- 
sary. In  the  other  type  each  candle  has  a  separate  holder,  each 
holder  requiring  two  terminals  and  a  distinct  pair  of  leads  from 
the  switch. 

Sometimes  a  switch  is  placed  on  or  near  each  lamp,  but  it  is 
more  general  to  di\ade  the  lamps  into  a  number  of  separate 
circuits,  each  circuit  comprising  four  lamps  joined  together  in 
series  and  manipulated  by  a  single  switch  placed  in  the  dynamo- 
room. 

An  automatic  arrangement  is  also  employed  to  avoid  the  risk 
of  burning  the  candles  right  down  to  the  sockets  and  so  causing 
a  disconnection.  The  apparatus  consists  of  a  vertical  solenoid 
with  a  core  which  is  provided  with  two  pairs  of  contacts.  Should 
the  circuit  be  broken  by  one  of  the  candles  '  going  out,'  the  core 
falls  and  two  of  the  contact  points  fall  into  mercury  cups  and 
complete  the  circuit  of  an  electric  belL  At  the  same  time  the 
other  pair  of  contacts  drop  into  mercury  cups  which  complete 
the  circuit  through  the  second  series  of  lamps.  The  attendant  has 
then  only  to  shift  the  leading  wire  to  the  terminal  block  of  the 
next  circuit  in  readiness  for  his  next  act  of  negligence. 

The  Jablochkoff  system  has  very  few  advocates  in  England, 
chiefly  on  account  of  its  cost,  but  it  is  a  very  simple  system  and 
one  which  finds  great  favour  in  such  places  as  the  Indian  palace^ 
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^vhere  money  is  not  scarce,  and  where  skilled  labour  is  practically 
unprocurable.  Other  forms  of  electric  candle  have  been  devised, 
but  as  they  are  all  now  extinct,  we  need  not  pause  to  consider  them. 

Another  class  of  arc  lamp,  frequently  called  the  semi-incan- 
<lescent,  used,  however,  with  a  direct  current,  is  typified  by  the 
AVerdemann  lamp,  which  consists  of  a  large  rounded  block  of 
carbon  connected  to  the  negative  lead  and  supported  by  a  hinged 
bracket  The  positive  lead  is  connected  to  a  thin  pointed  carbon 
rod,  and,  by  means  of  a  weight  attached  to  a  cord  working  over  a 
pulley  and  fastened  to  its  lowered  end,  this  thin  rod  is  kept  in 
contact  with  the  hinged  block.  Both  carbons  become  incan- 
descent at,  or  in  the  vicinity  of  the  point  of  contact,  and  a  small 
circular  arc  is  struck.  The  rod  is  of  course  somewhat  rapidly 
consumed,  and  a  hole  gradually  formed  in  the  carbon  block.  Great 
things  were  expected  of  this  lamp,  but  it  did  not  prove  economical ; 
it  was  very  variable,  flickered  considerably,  and  is  now  practically 
obsolete. 

Our  chief  object  in  referring  to  these  lamps,  was  to  give  some 
little  idea  of  the  channels  into  which  men's  minds  were  directed 
in  their  earlier  efforts  to  *  subdivide  *  the  electric  light,  or  more 
correctly  speaking,  to  maintain  a  number  of  comparatively  small 
lamps  on  one  circuit 

Coming  now  to  the  question  of  arc  lamps  in  their  present  state, 
it  would  be  convenient  if  we  were  able  to  classify  them,  or  divide 
them  into  a  few  distinctive  types,  but  there  is  sibsolutely  no  simple 
or  natural  classification,  and  a  complicated  or  forced  division 
would  be  undesirable. 

Many  efforts  have  been  made  to  obtain  a  precise  but  compre- 
hensive classification,  with  the  result  that  there  are  virtually  as 
many  classes  as  there  are  lamps.  It  would  be  possible  to  divide 
the  lamps  into  two  classes,  viz.,  those  used  in  series,  or  on  a 
circuit  through  which  a  constant  current  is  sent,  and  those  used  in 
parallel,  or  which  have  a  constant  potential  difference  maintained 
at  their  terminals.  The  latter  kind  are  comparatively  simple, 
but  any  lamp  of  that  class  could  be  transferred  to  the  other  by 
an  alteration  in  the  winding  of  the  coils  and  by  the  addition 
of  a  *  cut-out'  device,  to  automatically  short-circuit  the  lamp,  in 
the  event  of  a  disconnection  in  the  arc-circuit 
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This  system  of  classification,  therefore,  can  scarcely  be  said  to 
be  satisfactory.  It  is,  however,  an  important  feature  that  tbe  series 
system  is  characteristic  of  the  arc  lamp,  owing  to  the  fact  that  the 
main  leads  need  only  be  small  as  compared  with  those  necessaiy 
for  parallel  working.  With  the  small  current  usual  on  a  series 
circuit,  the  loss  due  to  the  resistance  of  the  leads  is  trifling 
as  compared  with  the  loss  that  would  be  experienced  were  the 
same  leads  used  for  parallel  lamps.  For  this  reason  parallel  arc 
lamps  are  not  often  used,  although  they  have  the  advantage  that 
they  can  be  so  adjusted  as  to  render  it  possible  to  join  them  in 
parallel  with  incandescent  lamps.  In  all  cases  it  is  essential  that 
the  lamp  should  automatically  '  strike '  its  own  arc,  or  cause  tbe 
carbons,  when  in  contact,  to  separate  to  the  required  distance  ;  and 
this  action  must  perforce  be  controlled  by  the  main  current,  that  is 
to  say,  the  separation  of  the  carbons  must  always  be  brought  about 
electrically,  and  the  coil  used  for  the  purpose  must  always  be 
placed  in  the  main  circuit.  This  coil  is  usually  referred  to  either 
as  the  main,  or  the  series  coil,  the  latter  term  being  employed 
because  the  coil  is  joined  in  series  with  the  carbons.  When  lamps 
are  joined  up  in  parallel,  a  small  resistance  coil  is  placed  in 
series  with  each  lamp  for  steadying  purposes.  Without  this  re- 
sistance, a  slight  ^'ariation  in  the  length  and  resistance  of  the  arc^ 
or  the  reduction  in  the  resistance  of  the  carbons  as  they  bom 
away,  would  cause  a  sensible  variation  in  the  current  streqgdi ; 
but  the  use  of  a  resistance  coil  reduces  the  percentage  of  the 
variation  in  the  resistance  of  the  particular  branch,  and  therefoit 
keeps  the  current  strength  more  nearly  uniform.  To  com|>ensate 
for  the  loss  of  power  in  the  'steadying'  resistance,  the  E.M.F. 
provided  is  about  5  volts  higher  than  that  provided  per  lamp 
when  joined  in  series.  With  lamps  joined  in  series  this  extia 
resistance  is  unnecessary,  because  when  the  resistance  of  any  one 
lamp  varies,  the  current  strength  is  not  appreciably  affected ;  the 
other  lamps  in  circuit  with  it,  in  effect,  act  as  a  steadying  resistance, 
and  tend  to  keep  the  current  strength  constant! 

If  the  source  of  light  is  for  focussing  purposes  required  to  remain 
stationary,  which  is,  for  lighthouse  or  Lantern  work,  of  paramount 
importance,  both  carbons  must  be  automatically  movable,  at  tbetr 
respective  rates  of  consumption  j  but  when  this  is  not  absolutely 
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necessary,  as,  for  example,  in  ordinary  street  or  shop  lighting,  then 
it  is  only  necessary  that  one  carbon  should  be  fed  forward  towards 
the  other,  which  is  supported  in  a  fixed  socket,  and  which  gradually 
bums  away.  The  latter  form  of  lamp  is,  as  a  rule,  simpler  in  con- 
struction and  correspondingly  cheaper  than  the  former,  or  ^focus- 
sing,' type,  but  in  this  case,  too,  classification  is  out  of  the  question, 
as  the  one  form  can  be  easily  converted  into  the  other. 

It  might  also  be  possible  to  divide  lamps  into  alternating  and 
continuous  current  lamps,  but  this  classification  would  be  unsatis- 
factory, for  little  if  any  fundamental  difference  in  the  principles 
of  construction  are  involved.  One  point  may,  however,  here  be 
mentioned,  and  that  is,  that  with  lamps  used  on  alternating-current 
circuits,  it  is  necessary  that  the  cores  of  the  electro-magnets  should 
be  short  and  laminated  in  order  to  minimise  self-induction  and  eddy 
currents,  and  so  enable  them  to  respond  quickly  to  the  reversals. 

We  should  like  to  divide  lamps  into  two  classes,  viz.,  those  in 
which  the  *  feeding '  forward  of  one  or  both  of  the  carbons  is  con- 
trolled mechanically,  and  those  in  which  the  controlling  agent  is 
electricity  alone.     But  we  are  here  met  with  another  difficulty,  for 
even  those  in  which  mechanism  is  employed  for  feeding,  require 
the  intervention  of  the  current  to  release  or  start  that  mechanism. 
The  simplest  *  mechanical '  lamp  would  be  one  in  which  the  upper 
carbon  feeds  downwards  by  gravitation,  that  is,  in  virtue  of  its 
own  weight,  when  the  current  passing  through  the  coil  used  for 
striking  and  maintaining  the  arc  is  incompetent  to  overcome  this 
force  of  gravitation  ;  and  we  shall  see,  in  the  Gulcher  lamp,  that 
this  degree  of  simplicity  is  in  great  measure  approximated  to. 
The  Gulcher  is,  however,  a  parallel  lamp,  and  the  principle  is  only 
applicable  to  such.     When  the  lamp  is  used  on  a  series  circuit  it 
is  necessary  to  provide  a  second  coil,  which,  by  acting  in  opposition 
to  the  striking  or  series  coil,  feeds  the  carbons  forward  when  the 
length  of  the  arc  becomes  too  great     This  second  solenoid  is 
joined  across  the  lamp  terminals,  forming  a  shunt  to  the  series  coil 
and  the  arc.    The  striking  or  series  coil  placed  in  the  main  circuit 
is  of  low  resistance,  while  the  feeding  or  shunt  coil  is  of  high  resist- 
ance, the  proportion  of  the  resistances  being  usually  about  i :  100. 
As  these  coils  have  antagonistic  effects,  the  lamps  may  be  called 
*  differential.'    It  will,  however,  be  observed  that  some  of  these 
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so-called  electrically  controlled  lamps  involve  delicate  meciianicd 
contrivances.  To  be  purely  electrical,  the  moving  carbons  woqU 
require  to  be  perfectly  balanced  and  only  movable  under  the 
preponderance  of  the  effect  of  one  coil  over  that  of  the  other.  Ba 
no  such  lamp  is  now  in  practical  use,  so 
"^  that  for  this  and  other  specified  reasoas 

the  division  into  mechanical  and  electriol 
control  falls  to  the  ground.  The  nearest 
approach  to  an  electrically  controlled 
series  lamp  is  the  Pilsen,  the  only  devi- 
ation from  the  principle  being  the  additi<n 
of  a  small  weight  to  the  upper  cariwo 
holder. 

The  fundamental  principle  upon  which 
the  differential  arc  lamp  is  constructed,  is 
clearly  indicated  in  fig,  254.  The  current 
on  arriving  at  a  is  divided  between  the 
two  paths,  one  of  low  resistance,  and  the 
other  of  comparatively  high  resistance. 
The  former,  or  main  circuit,  includes  the 
thick  wire  coil  m,  from  which  the  curreM 
passes  to  the  contact  guide  roller  r,  aod 
from   thence  through    the   frame   to  the 

1  upper  or  positive  carbon  holder,  the  cir- 

cuit to  B  being  completed  through  the  aic 
and  lower  carbon  holder.  The  other,  or 
shunt,  circuit  consists  of  the  coil  h',  which 
comprises  many  turns  of  fine  wire,  its  ends 
—  -  ~  being  connected  to  A  and  B  respectively. 

These  coils  are,  in  the  tamp  to  which  the 
diagram  more  particularly  refers,  woond 
upxin  a  brass  tube,  inside  which  another 
brass  tube  is  loosely  fitted,  so  that  it  can 
slide  up  and  down  freely.  The  shape  of 
the  soft  iron  core  is  in  this  case  like  that  of  two  long  cones  placed 
base  to  base ;  this  core  is  fixed  inside  the  inner  tube,  and  is 
balanced  by  a  weight  w  attached  to  a  cord  passing  over  the  pulley 
wheel  R. 
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The  resistances  of  the  coils  m  and  m^  are  so  adjusted  that,  the 
arc  having  been  struck  and  having  arrived  at  the  proper  length, 
the  action  of  the  coils  upon  the  core  is  exactly  balanced.  Any 
increase  in  the  resistance  of  the  main  or  series  circuit,  caused  by 
an  increase  of  the  length  of  the  arc,  disturbs  this  balance,  in- 
creasing the  current  through  the  shunt  coil,  whence  the  core, 
with  the  upper  carbon  attached,  is  attracted  downwards  by  the 
shunt  coil,  and  in  descending  again  restores  the  balance,  read- 
justing the  arc  to  its  previous  dimensions.  It  will  thus  be  seen 
that  in  the  event  of  a  disconnection  in  the  arc  circuit  such  as 
might  happen  before  lighting  up,  the  coil  m^  takes  the  whole 
of  the  current,  and  continues  to  draw  the  core  down  until  the 
two  carbons  enter  into  contact.  Immediately  this  happens  a 
heavy  current  passes  through  m  at  the  expense  of  m',  and  the 
core  and  upper  rod  are  raised  just  sufficiently  to  establish  the 
arc  It  may  here  be  observed  that  were  the  core  made  of  a  simple 
cylindrical  rod  of  iron,  it  would  have  a  tendency  to  balance  itself, 
or  take  up  its  position  in  the  middle  of  the  electro-magnetic  field 
produced  by  the  two  coils  ;  and  although  a  variation  in  the  magnet- 
isation of  either  solenoid  would  move  the  core  away  from  that 
position,  it  would  manifest  a  tendency  to  return  to  it,  and  in  so  doing 
cause  fluctuations  in  the  arc.  By  using  the  conical  core  this  diffi- 
culty is  overcome,  because  as  the  magnetisation  of  the  preponde- 
rating solenoid  increases,  and  attracts  the  iron,  it  acts  upon  a 
gradually  increasing  core,  so  situated  that  it  can  never  get  into  its 
*best  position,' but  remains  steady  at  any  point  in  a  comparatively 
long  range. 

Fig-  ^54*  while  serving  to  illustrate  the  general  principle  involved 
in  differential  lamps,  is  really  a  skeleton  diagram  of  the  Pilsen, 
(which  was  invented  by  Messrs.  Piette  and  Krizik  of  Pilsen,  a  town 
in  Bohemia,)  and  which,  while  simple  in  construction,  works  with 
remarkable  steadiness,  even  under  somewhat  considerable  fluctua- 
tions in  the  current.  It  hp.s  also  the  advantage  that  it  is  practically 
noiseless. 

It  has  recently  passed  into  the  hands  of  the  Gwynne-Pilsen  Co., 
who  have  simplified  some  of  its  details  and  effected  other  struc- 
tural improvements  without,  however,  interfering  with  its  funda- 
mental principle. 
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A  detailed  diagram  of  the 
lamp  is  given  in  fig.  255.  The 
coil-frame  j  and  casing  are  elec- 
trically connected  to  the  i>ostttR 
terminal  +■  From  j  the  cunca 
is  transmitted  by  contact  roUen 
R  to  the  inner  brass  tube  c  (con- 
taining the  double  conical  inm 
core),  and  thus  through  the  holds 
to  the  positive  carbon.  Tlteoce 
it  passes  through  the  arc  to  tbe 
negative  carbon  holder  H,  and 
from  thence  through  the  contaa 
rollers  r'  r"  to  the  negative  guide 
rods  D,  d',  both  of  which  are  in- 
sulated from  the  bottom  plate  of 
the  lamp,  as  well  as  from  cadi 
Other  at  b.  The  current  being 
thus  divided,  one  part  (the  lesser) 
passes  through  the  iron  wire  coil 
E,  and  the  greater  part  throuj^ 
the  automatic  cut-out  coil  a,  these 
two  branches  reuniting  at  K,  and 
thence  passing  through  the  main 
coil  M  to  the  negative  terminal 
marked  — ,  from  which  it  is  car- 
ried to  the  positive  tenntnal  <i 
the  next  lamp  in  series,  ai  the 
negative  terminal  of  the  dynamc^ 
as  the  case  maybe.  The  n^ativc 
holder  is  supported  by  two  coids 
which  pass  over  pulley  wbeds 
and  are  connected  to  the  brass 
tube  containing  the  core.  This 
is  more  clearly  indicated  in  fig. 
256,  where  the  cords  are  shorn 
connected  to  the  rods  attached 
to  H,  R  r'  being  the  pulley  wheels 
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One  of  these  wheels,  r',  has  yery  fine  teeth  cut  round  it,  into 
which  the  click,  which  is  to  be  seen  above  the  wheel,  engages,  so 
as  to  allow  the  wheel  to  rotate  freely  for  feeding,  but  to  prevent 
it  moving  in  the  reverse  direction.  The  cord,  therefore,  during 
the  separation  of  the  carbons  has  to  slide  along  the  groove,  suffi* 
cient  friction  being  in  that  way  introduced  to  prevent  sudden  or 
jerky  separations. 

Were  the  two  holders  exactly  equal  in  weight  they  would  counter- 
balance, but  in  the  more  recently  constructed  lamps,  the  positive 
holder  is  about  i^  ounce  heavier  than  the  negative,  so  that  when 
no  current  is  flowing  the  carbons  run  together. 

The  action  of  the  series  current  then  is  to  draw  the  iron  core, 
to  which  the  positive  carbon  is  attached,  up  into  the  coil  m,  thus 
striking  and  maintaining  the  arc.  In  order  to  regulate  the  lamp, 
a  shunt-current  is  taken  from  the  screw  l,  and  passed  round  a 
solenoid  of  stout  copper  wire,  to  the  insulated  bracket  o,  and  re- 
turning from  thence  through  the  shunt-coil  proper  m',  consisting 
of  many  turns  of  fine  copper  wire  (wound  in  the  same  direction  as 
the  spiral  of  l),  having  its  other  end  attached  to  the  bracket  p  of 
the  automatic  cut-out,  from  whence  it  passes  through  a  coil  of 
stout  German-silver  wire  c  to  the  terminal  marked  — .  The  number 
of  convolutions  of  the  coil  m^  and  their  resistance  are  so  propor- 
tioned that  (when  the  arc  has  been  drawn  to  a  length  of  about 
^  inch)  the  attractive  action  counterbalances  that  of  the  main 
coil  M  and  the  small  extra  weight  of  the  positive  holder.  Equili- 
brium being  thus  established,  the  arc  is  maintained  at  its  normal 
length  and  resistance,  so  long  as  the  current  is  kept  constant  If 
from  any  accidental  cause  (such  as  the  fracture  of  a  carbon,  me- 
chanical injury,  or  the  breakage  of  a  cord),  the  main  current 
cannot  flow  from  c  to  d  and  d^  ;  then  the  magnet  a  of  the  auto- 
matic cut-out  fails  to  hold  down  its  armature,  which  by  reason  of 
the  weight  on  its  unattracted  end  falls  in  the  opposite  direction, 
and  establishes  a  contact  with  the  screw  n  on  the  insulated 
bracket  o,  thus  opening  a  path  for  the  main  current  vi&  L,  o,  n,  q, 
and  G  to  the  lamp  terminal  marked  »,  and  so  preventing  a  com- 
plete break  of  circuit  or  the  destruction  of  the  shunt-coil  m^ 

The  negative  guide  rod  d\  is  fitted  with  a  strip  of  ivory  insula* 
tion  I,  so  situated,  that  when  the  carbons  are  nearly  burnt  out,  the 
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contact  roller  r'  ceases  to  make  contact,  the  current  ceases  to  flaw 
round  the  magnet  a,  q  falls,  and  the  lamp  is  cut  out  of  circuit.  The 
function  of  the  alternative  path  from  r"  through  d'  and  of  its  iroo 
resistance  e  is  that  when  the  lamp  is  burning,  the  resistance  e 
causes  the  greater  part  of  the  current  to  pass  viA  d,  thus  securing 
the  efficient  action  of  the  magnet  a,  and  preventing  the  lamp  firooi 
becoming  prematurely  cut  out.  When  owing  to  exhausted  cartxsfis 
the  lamp  is  in  process  of  cutting  out  naturally,  the  contact  lolkr 
R*  in  passing  from  d  on  to  the  insulating  strip  i,  would  canyaa 
arc  after  it  from  r'  to  d,  were  it  not  for  the  temporary  path 
afforded  from  d^  through  e,  until  such  time  as  the  main  current 
had  been  diverted  through  the  path  l,  o,  n,  q,  o  The  German- 
silver  coil,  G,  has  no  action  upon  the  working  of  the  lamp  ;  it  is  a 
compact  form  of  resistance,  equivalent  to  the  apparent  resistance 
of  the  lamp,  to  be  thrown  into  the  main  circuit,  when  the  lamp 
is  cut  out  automatically ;  it  is  superfluous  with  a  self-r^ulating 
dynamo. 

A  view  of  the  interior  of  the  lamp  is  given  in  fig.  256,  in  which 
the  lettering  corresponds  to  that  employed  in  the  diagram,  fig.  255^ 
It  will  be  observed  that  a  means  of  final  adjustmetit  is  provided 
by  the  movable  contact  s,  which  can  be  used  to  cut  out  one  or 
more  of  the  convolutions  of  the  main  coil  M.  The  friction  roUer 
is  here  lettered  r,  and  as  already  mentioned,  r  r'  represent  the 
pulley-wheels  over  which  the  cords  connecting  the  positive  and 
negative  holders  together,  are  passed. 

A  sectional  view  of  another  form  of  the  lamp  is  given  in  fig.  257, 
in  which  the  two  coils  m  and  m^  are  wound  on  the  same  bobbin^ 
but  in  opposite  directions.  The  long  conical  core  is  clearly  shown 
at  D.  The  negative  holder  is  suspended  in  the  same  way  as  in 
the  bi-conical  form,  but  the  pulleys  and  other  parts  such  as  the 
cut-out  are  not  shown  in  this  figure.  The  lamp  is  also  made 
with  horizontal  carbons,  so  as  to  render  it  suitable  for  rooms  with 
low-pitched  roofs,  and  it  will  be  seen  that  the  absence  of  mechanical 
control  facilitates  considerably  the  alteration  in  the  design.  It 
should  be  added  that  the  workmanship  of  the  Pilsen  lamp  is  of 
the  highest  order ;  the  finish  is  unusually  good,  and  all  pulleys, 
rods,  and  the  working  parts  generally,  are  electroplated. 

Another  veiy  simple  and  efficient  lamp  is  that  invented  by  Mr. 
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C.  F.  Brush.     It  was  one  of  the  first  and  it  certainly  remains  one 
of  the  best  of  modem  arc  lamps.    A  great  feature  in  its  &Toor  .- 
is  the  extreme  simplicity  of  the  mechanical  contrivance.    The , 
principle  is  illustrated  in  fig.  258.    The  terminals  x  y  usuallj 

take  the  form  of  1 
pair  of  brass  hoob 
which,  by  bein; 
dropped  oyer  horh 
zontal  pins  on  the 
under  side  of  a  sus- 
pending board  phce 
the  lamp  at  once  a 
the  main  circuit.  Tlx 
negative  carbon  i 
is  fixed,  and,  bang 
gradually  consumed, 
the  arc  is  stesdiij 
lowered  in  positioO) 
the  upper  or  posi- 
tive carbon  k,  falling  at  a  corresponding  rate. 

The  current  enters  the  lamp  at  the  positive  terminal  x,  anl 
divides  at  v  in  the  main  circuit,  passing  through  the  low  resistaooe 
coils  H  h',  in  parallel  in  such  a  way  as  to  generate  powerful  bot 
opposite  poles  at  the  lower  ends  of  the  solenoids.  On  leaving  the 
coils  the  currents  reunite,  and  passing  by  a  wire  to  the  upptf 
carbon  holder  n,  traverse  both  carbons,  the  lower  of  wfaidiis 
connected  to  the  negative  terminal  v.  The  shunt  circuit,  the  re- 
sistance of  which  is  450  ohms,  is  made  by  a  thin  wire  passing  fro0 
X  round  the  bobbins  h  h'  in  series,  then  round  the  cut-out  bobbia 
T,  from  which  it  passes  direct  to  the  terminal  y.  The  thin  coil  on 
H  h'  is  wound  outside  the  main  coil.  Connection  is  also  made 
between  v  and  the  pivoted  lever  b,  by  means  of  a  wire  and  Feas- 
ance spiral  R,  but  this  will  be  again  refened  to  presently. 

Assuming  the  carbons  k  k'  to  be  in  contact,  the  passage  of 
the  main  current  through  the  coils  h  h'  causes  the  soft  iron  cats 
N  s  and  their  horizontal  yoke-piece  to  be  drawn  upwards.  The 
yoke-piece  is  provided  with  a  fork  c,  which  tilts  the  washer-chitch 
w,  causing  it  to  seize  the  carbon  holder  and  raise  it  sufficiently  to 
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strike  the  arc.  Under  normal  conditions  only  about  i  per  cent, 
of  the  total  current  passes  through  the  shunt  coils,  but  when  the 
arc  increases  in  length  and  thereby  raises  the  resistance  of  the 
main  circuit  a  proportionally  larger  current  passes  through  the  long 
thin  wire  coils  on  h  h'.  Being  wound  in  the  opposite  direction 
to  the  few  turns  of  the  main  coils,  the  shunt  coils  cause  a  diminu- 
tion of  the  magnetisation  of  the  cores  or  plungers  n  s,  which 
therefore  fall,  and,  causing  the  clutch  w  to  loosen  its  grip  of  the 
holder,  allow  the  positive  carbon  to  fall,  by  the  force  of  gravita- 
tion, until  the  length  of  the  arc  is  so  far  reduced  as  to  re-establish 
the  normal  division  of  the  current  through  the  main  and  shunt 
coils.  We  see  then  that  the  function  of  the  thick  wire  coil  is  to 
tilt  the  clutch  and  strike  the  arc,  while  that  of  the  shunt  coil  is  to 
level  the  clutch,  allowing  the  rod  to  slide  and  feed  the  carbon 
downwards.  As  a  rule  these  reactions  take  place  so  gradually 
that  the  upper  carbon  is  maintained  at  a  uniform  distance  from 
the  lower,  and  is  simply  fed  at  a  rate  corresponding  with  the  con- 
sumption. 

The  *  cut-out'  coil  t  performs  a  most  important  function. 
It  is  evident  that  should  one  of  the  carbons  be  burnt  away  or 
broken,  or  should  from  any  other  cause  the  maintenance  of  the  arc 
become  impossible,  some  device  is  necessary  to  introduce  into  the 
circuit  an  alternative  path  of  about  the  same  resistance  as  the  arc 
circuit.  The  way  in  which  this  is  accomplished  in  the  Brush  lamp 
is  ingenious.  It  will  be  remembered  that  the  shunt  circuit  includes 
a  coil  of  many  turns  of  thin  wire  on  the  bobbin,  t.  Now  when 
the  main  circuit  is  broken,  the  whole  current  has  to  pass  through 
the  shunt  circuit,  and  the  coil  x  is  so  adjusted  that  when  this 
increased  current  passes  through  it,  but  not  otherwise,  its  core 
becomes  sufficiently  magnetised  to  raise  the  armature  a,  and  with 
it  the  lever  b.  This  lever  carries  the  small  contact  stud  m, 
and  this  on  rising  makes  contact  with  another  stud  m',  which  is  con- 
nected to  a  short  thick  wire  coil  round  t,  the  other  end  of  which 
is  connected  to  v.  It  follows  that  under  such  circumstances  a  low 
resistance  circuit  is  established  from  v,  along  r,  and  b,  to  m,  and 
so  on  to  v. 

Were  it  not  for  the  high  resistance  of  the  shunt  coils,  they 
could  be  employed  for  this  purpose,  but  under  the  circumstances 
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such  a  plan  is  obviously  impracticable.  Of  course  as  the  main 
circuit  is  disconnected,  the  positive  carbon-holder  is  not  interfered 
with  by  the  clutch,  and  can  therefore,  if  only  a  portion  of  the 
carbon  has  been  broken  off,  descend  and  re-establish  the  arc,  when 
the  current  flowing  through  the  thick  coil  on  t  will  be  diminished 
and  the  cut-out  circuit  disconnected. 

Usually  the  Brush  carbons  are  a  foot  long  and  last  for  eighl 
hours  or  thereabouts.     When,  however,  a  longer  period  of  lighting 

quired,  lamps  with 
two  pairs  of  car- 
bons are  employed. 
The  device  for 
'changing-over' 
from  one  pair  to 
the  other  is  purdy 
mechanical  and  is 
illustrated  in  fig. 
259.  The  positive 
carbon -holders  r'  and  R*  are  parallel  one  to  the  other,  and  each  is 
furnished  with  a  washer  clutch,  as  shown  at  w'  and  w*.  These 
clutches  are  operated  by  a  small  frame  k,  which  is  supported 
by  the  lever  (shown  in  section  at  l)  attached  to  the  plunger  or 
soft  iron  core  of  the  striking  and  feeding  solenoids.  By  the  very 
simple  device  of  making  one  of  the  forks  in  the  frame  k,  higher 
than  the  other,  this  higher  fork  tilts  its  clutch  before  the  other 
begins  to  act,  and  consequently  lifts  its  corresponding  carbon-holder 
a  greater  distance  than  does  the  other.  At  the  moment  when  die 
first  carbon  is  raised,  it  is  short-circuited  by  the  other,  which  the 
next  moment  is  also  raised.  The  arc  then  establishes  itsdf 
across  the  lesser  distance,  and  in  all  subsequent  feeding  and 
controlling  movements  the  pair  of  carbons  across  which  the  arc 
was  first  started  are  alone  affected,  because,  although  both  positive 
carbons  are  raised  and  lowered  together,  the  ends  of  the  reserve 
carbons  never  come  into  contact,  and  the  e.m.f  is  insufficient  to 
start  an  arc  across  the  air  space  which  separates  them.  When  the 
onepair  of  carbons  have  been  so  far  consumed  that  they  cannot  meet 
when  the  frame  falls,  the  circuit  is  completed  through  the  reserve 
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carbons,  and  the  arc  established,  after  which  it  is  maintained  by 
the  same  apparatus  acting  in  the  same  way  as  with  the  first  pair. 

The  construction  of  the  double  arc  lamp  invented  by  Messrs. 
Crompton  and  Crabb  is  illustrated  in  fig.  260. 

The  two  positive  carbons  are  carried  by  the  rack-rods  b  and  Bj. 
Sliding  on  each  of  these  is  a  light  gun-metal  sleeve,  ssi,  carrying 
spindles,  to  which  are  attached  the  two  large  brake  wheels,  e  Ei, 
and  between  them  the  pinion  which  gears  into  the  racks.  These 
brake  wheels  rest  upon  a  pair  of  levers,  l  Lj,  the  outer  ends  of  which 
are  pivoted  to  the  framework  of  the  lamp,  their  inner  ends  being 
connected  by  links  to  the  core  of  the  solenoid,  which  is  placed  in 
a  central  position  vertically  above  the  two  inner  ends  of  the  levers. 
This  solenoid  is  differential,  G  being  the  shunt  and  m  the  main 
coil,  and  the  core  is  partially  supported  by  a  spring.  The  tension 
of  this  spring  can  be  regulated  by  means  of  the  screw  t,  which  is 
turned  to  the  right  to  increase  its  length,  and  to  the  left  to  de- 
crease it. 

Projecting  vertically  downwards  from  each  sleeve,  s  s,,  to  a  dis- 
tance from  the  centre  of  the  spindle  about  equal  to  the  radius  of 
the  brake  wheels,  is  a  stout  pin  or  finger,  f  Fi,  the  action  of  which 
is  interesting. 

Suppose  the  rack-rod  to  be  drawn  up,  then  if  the  lever  be 
pulled  by  the  solenoid  above  the  horizontal  position,  the  whole 
weight  of  the  rod  and  carbon  is  supported  on  the  edges  of  the 
brake  wheels,  and  the  friction  of  them  on  the  surface  of  the  levers 
is  sufficient  to  prevent  their  revolution  ;  hence  this  rack-rod  cannot 
run  down.     But  if  the  levers  be  below  the  horizontal,  then  the 
weight  is  carried  by  the  finger  projecting  from  the  sleeve,  as  shown 
at  F ;  the  wheels  are  free  to  turn,  the  rack  runs  down,  and  continues 
to  do  so  until  the  positive  and  negative  carbon  points  come  in 
contact.     Now,  if  the  current  be  switched  on  by  its   passage 
through  the  main  wire  of  the  solenoid,  the  levers  rise,  striking  the 
arc,  and  at  the  same  time  applying  the  brake  to  the  wheels.     The 
combined  action  of  the  shunt  and  main  currents  on  the  solenoid 
core  automatically  adjust  the  length  of  the  arc.     If  this  becomes 
too  great  the  increased  current  through  the  shunt  draws  down  the 
core  and  levers,  the  brake  wheels  are  left  free  to  revolve,  and  the 
arc  shortens.     On  the  other  hand,  if  the  carbon  points  be  too  close 
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the  levers  are  raised,  bringing  with  them  the  rack-rod  and  upper 
carbons.  The  fact  of  the  finger  projecting  from  one  sleeve  being 
longer  than  that  from  the  other  determines  which  pair  of  carbons 
shall  begin  to  bum  Arst,  because,  on  switching  on,  that  pair  which 
has  the  longer  pin  will  be  the  last  to  break  contact,  and  will  there- 
fore originate  an  arc  in  so  doing. 

It  wilt  be  seen  from  the  diagram  that  on  the  core  being  raised 
the  lever  L,  will  apply  the  brake  before  the  lever  l  does.  Hence, 
it  may  be  said,  that  the  rack-rod  b,  gets  a  start  on  B  ;  its  carbon 
points  are  separated  before  those  p„  ^_ 

of  B,  and  are  kept  a  greater  dis- 
tance apart  until  the  latter  are  con- 
sumed. At  this  stage  the  rack-rod 
B  is  prevented  from  further  fall  by 
a  stc^  and  can  no  longer  feed; 
hence  the  arc  will  lengthen,  the 
shunt  current  will  increase,  and 
the  other  rod  b,,  which  can  still 
feed,  will  be  allowed  to  descend 
until  its  carbons  touch,  starting  a 
fresh  arc.  When  the  second  pair 
of  carbons  have  burned  low,  the 
same  action  takes  place,  viz., 
further  descent  of  the  rod  is  pre- 
vented, the  arc  lengthens,  the  shunt 
current  increases,  and  the  core  is 
drawn  down,  but  lower  than  when 
the  iirst  pair  of  carbons  were 
burned  out,  until  a  copper  stud,  c, 
attached  to  it  makes  contact  with 
another  stud,  h,  connected  to  the 
negative  pole,  thus  cutting  the 
lamp  out  of  the  circuit,  and  intro- 
ducing an  equivalent  resistance. 

The  connections  of  tlie  lamp  and  its  equivalent  resistance  coil 
are  shown  in  fig.  261,  The  current  entering  at  x  finds  two  paths 
open ;  the  one  through  the  resistance  coil  R  R  and  insulated  con- 
tact piece  c,  which  for  the  time  being  is  resting  upon  H,  and  thus 


Electrical  Engineering 


on  to  the  next  lamp ;  and 
the  other  through  the  swiidi 
s  (which  we  suppose  to  be 
closed),  the  main  solenoid 
coils  M,  the  framework  d. 
the  lamp,  the  positive  car- 
bon, the  negative  carboo. 
and  ultimately  out  by  H,  and 
Y,  on  to  the  next  lamp.  Tlie 
latter  portion  of  (he  cantn 
in  passing  round  the  core 
magnetises  it  and  dran  it 
up,  thereby  breaking  coo- 
tact  between  c  and  H.  Since 
nearly  the  whole  of  the  ch- 
rent  must  now  pass  ihrougb 
the  main  solenoid,  the  axed 
the  latter  is  definitely  dian 
up,  lifting  the  two  rack-iodf. 
and  establishing  the  arc  l»- 
tween  one  pair  of  carbom^  u 
explained  above. 

The  Phcenix  arc  Ump 
is  also  of  the  differentiiih 
wound  class.  Its  consow- 
tion  is  illustrated  in  fig.  161, 
where  a  represents  an  dtc- 
tro-magnet  wound  with  t*D 
coils,  the  pole-piece,  p,  d 
which  acts  upon  an  annatme, 
K,  fastened  upon  a  frame. 
H  D,  pivoted  at  r.  This  fnoie 
aiso  carries  a  brake  wheel 
B,  on  the  axle  of  which  is  £u- 
tened  a  small  pinion  c,  vA 
brake  lever  n  made  to  gnp 
B  by  a  helical  spring  wound 
round  the  axis,  by  which  it 
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is  attached  to  the  frame  h  d.     The  pinion  g  gears  into  the  larger 
toothed  wheel  £,  on  the  axis  of  which  is  a  pinion  c  engaging  with 
the  rack  r  of  the  positive  carbon  rod.   This  rod  carries  a  weight  w, 
which  enables  it  in  descending  to  lift  the  negative  rod  v  x.     When 
no  current  is  flowing  the  brake  lever  n  rests  on  the  screw  s,  which 
releases  the  brake  wheel  and  allows  the  carbons  to  come  into 
contact.     The  current  enters  at  the  positive  terminal  on  the  right 
hand  of  the  figure,  passes  through  the  framework  of  the  lamp  to 
the  rod  y,  and  thence  to  the  positive  carbon.     It  returns  from  the 
negative  carbon  by  the  insulated  rod  x  and  flexible  wire  attached 
to  it,  passing  through  the  thick  wire  coil  on  a,  and  from  this  to 
the  n^ative  terminal.     The  magnet  attracts  k,  raising  the  frame 
HD,  thus  causing  the  lever  n  to  grip  the  brake  wheel  and,  by 
turning  e  and  c,  to  raise  v  and  lower  x  for  the  purpose  of  separat- 
ing the  carbons  and  forming  the  arc.     As  the  carbons  consume, 
the  difierence  of  potentials  at  the  terminals  rises  and  the  current 
in  the  fine  wire  coil  round  a,  which  is  connected  as  a  shunt  to  the 
lamp  terminals,  increases.    This  weakens  the  electro-nuignet  a  and 
allows  the  frame  h  d  to  fall  and  the  carbons  to  approach.    When 
the  lever  n  comes  in  contact  with  the  screw  s,  the  brake  is  released, 
allowing  the  carbons  to  approach  as  the  consumption  continues. 
If  the  carbons  burn  out,  or  if  from  any  other  cause  the  circuit 
through  them  is  broken,  the  frame  hd  drops  on  the  contact 
pillar  M  ;  this  completes  the  circuit  from  the  lamp  frame  through 
the  German-silver  resistance  r  to  the  negative  terminal,  thus  pre- 
venting a  break  in  the  continuity  of  the  circuit  when  several  lamps 
are  joined  in  series. 

The  Brockie-Pell  arc  lamp  is  illustrated  in  fig.  263  ;  the  main 
and  shunt  coils  are  wound  on  separate  bobbins  fixed  parallel  to 
one  another,  the  main  or  series  coil  being  that  on  the  left  side 
of  the  figure.  The  two  cores  pass  through  the  ends  of,  and 
operate  a  *  see-saw'  lever  which  is  pivoted  at  its  centre.  The 
two  carbon-holders  are  connected  by  a  cord  passing  over  a  pulley 
wheel  pivoted  on  the  base  of  the  lamp-case.  The  upper  or  posi- 
tive holder  is  provided  with  a  rack-rod  which  gears  into  a  pinion  ; 
the  spindle  of  this  pinion  works  in  the  frame  of  the  lamp  and 
carries  a  comparatively  large  wheel  having  a  strong  broad  rim, 
against  which  a  brake  in  the  form  of  a  small  leather  roller  is 
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applied.  The  lever  carrying  this  brake  turns  on  the  weightetl  sector- 
shaped  lever,  which  is  loosely  pivoted  but  moves  solidly  «iih  ihe 
brake  wheel,  its  descent  being,  however,  limited  by  a  stop ;  thi; 
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outer  end  of  the  brake-lever  is  connected  with  the  link  supported 
by  the  see-saw  lever.  The  action  of  this  mechanism  can  be  readily 
understood.  On  the  passage  of  the  current  the  left-hand  coil 
raises  its  end  of  the  lever,  applies  the  brake  to  the  wheel,  and  raises 
the  positive  carbon,  the  negative  carbon  being  caused  to  recede 
at  the  same  time.  The  arc  is  therefore  established.  As  the  arc 
lengthens  and  the  main  current  diminishes,  the  shunt  current 
increases  and  the  other  end  of  the  see-saw  lever  is  elevated  : 
consequently  the  brake  lever  is  depressed,  the  brake  wheel  re- 
leased, and  the  carbons  allowed  to  feed  together.  These  reac- 
tions take  place  readily,  the  feed  being  practically  continuous,  and 
a  very  steady  light  is  the  result.  The  initial  adjustment  for  balanc- 
ing the  carbon-holders  to  operate  with  any  particular  strength,  is 
effected  by  means  of  weights.  As  compared  with  the  majority  of 
lamps,  the  mechanism  is  simple  and  strong. 

In  fig.  264  is  illustrated  a  form  of  arc  lamp  devised  by  Mr.  J. 
G.  Statter  for  workshop  use.  The  lettered  portion  of  the  apparatus 
does  not  form  a  part  of  the  lamp,  but  is  attached  for  experimental 
purposes  and  will  be  explained  presently. 

The  lower  carbon  is  fixed,  and  the  upper  one  is  carried  by  a 
rack-rod  which  engages  with  a  pinion  carried  on  a  horizontal 
spindle.  On  this  same  spindle,  and  just  behind  the  pinion  in  the 
figure,  is  fixed  a  large  grooved  wheel  round  which  passes  a  small 
chain.  One  end  of  the  chain  carries  a  peculiarly  shaped  weight, 
and  the  other  end  is  fixed  to  the  lower  extremity  of  the  core  of  the 
regulating  solenoid,  seen  to  the  right  at  the  top  of  the  figure.  Fig. 
265  illustrates  this  arrangement  more  clearly,  and  also  gives  a  sec- 
tion of  the  weight,  h  is  the  rack-rod  which  carries  the  upper  carbon, 
and  engages  with  the  pinion  k,  while  l  is  the  large  grooved  wheel, 
on  the  same  spindle  as  k,  round  which  the  chain  c  passes  once. 
M  is  the  point  at  which  the  chain  is  fixed  to  the  core  of  the  regulat- 
ing solenoid.  When  it  is  required  to  separate  the  carbons  and 
strike  the  arc,  the  core  is  sucked  upwards  into  the  solenoid,  and 
pulling  the  chain  upwards,  causes  the  wheel  l  to  revolve.  This 
motion  is  imparted  to  the  rack  rod  by  the  pinion,  on  the  well- 
known  wheel  and  axle  principle,  and  the  upper  carbon  being  lifted 
through  a  small  distance,  the  arc  is  struck.  The  chain  is  prevented 
slipping  round  the  wheel,  by  the  weight  at  its  lower  end.     This 
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Fig.  265. 


weight  is  designed  to  prevent  any  sudden  jerky  movement  of  ibe 
rack -rod  :  it  slides  inside  a  brass  tube  t,  and  is  made  in  two  parts. 
The  larger  part  is  cylindrical  in  shape,  having  a  series  of  grooves 
on  the  outside  (as  in  some  forms  of  high-speed  pistons),  and  fitting 

accurately  inside  the  containing 
tube.  The  inner  portion,  v,  10 
which  the  chain  is  attached,  is  a 
valve  whose  seating  is  foraied  in 
the  top  of  the  outer  weight  As 
all  the  surfaces  fit  closely,  tbe 
compound  weight  cannot  be 
drawn  upwards  quickly,  but  it 
may  be  lowered  freely,  since  the 
valve  then  opens  and  allows  the 
imprisoned  air  to  escape.  So 
long  as  the  arc  remains  of  the 
proper  length,  the  pull  of  the 
regulating  solenoid  on  its  coie 
keeps  the  chain  taut,  and  by  pre- 
venting the  rotation  of  the  wheei, 
holds  the  carbon  in  positioa 
But  when  the  distance  between 
the  carbons  increases  and  it  is 
required  to  feed,  the  cunat 
through  the  solenoid  decreasesand 
allows  the  core  and  the  upper pait 
of  the  chain  m  jto  drop  slighih ; 
the  weight  then  touches  die 
bottom  of  the  tube,  and  the  grip  of  the  chain  on  the  wheel  beini 
loosened,  the  wheel  is  free  to  move,  and  the  carbon  and  rack-rod 
move  downwards  by  their  own  weight.  Immediately  the  proper 
length  of  arc  is  restored,  the  core  again  pulls  at  m,  lifting  the 
weight  and  fixing  the  wheel  and  rack-rod  in  position  once  more. 
But  it  is  necessary  to  arrange  that  the  feeding  shall  be  as  deli- 
cate as  possible,  that  is  to  say,  the  carbon  must  move  downwards 
very  slightly  immediately  the  arc  becomes  even  the  least  trilie  too 
long.  It  will  be  observed  that  when  the  weight  descends  the 
outer  portion  reaches  and  rests  upon  the  bottom  of  the  brass  tube 
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first.  The  valve  weight  v  is  considerably  the  lighter  part,  and  has 
a  small  amount  of  free  play  after  the  heavier  part  is  resting  on  the 
bottom.  Now  the  weight  of  v  is  just  sufficient  to  allow  the  chain 
to  grip  the  wheel  and  hold  it  in  position,  and  when  the  lamp  is 
running  under  normal  conditions,  this  is  the  only  portion  of  the 
weight  acting ;  extremely  light  touches  of  v  on  the  bottom  of  the 
tube  slacken  the  chain  enough  to  allow  the  wheel  to  move  slightly, 
and  a  delicate  feed  is  thus  attained. 

The  lamp  described  is  designed  for  constant  potential  or 
parallel  working,  but  when  it  is  required  for  use  on  the  constant 
current  or  series  system,  the  usual  differential  winding  is  employed, 
the  resistance  of  the  shunt  coil  being  100  ohms. 

In  another  type  of  this  lamp,  the  same  feeding  method  is  em- 
ployed, but  a  different  mode  of  striking  the  arc  is  adopted.  The 
bearings  of  the  brake- wheel  spindle  are  carried  by  a  lever,  one  end 
of  which  is  connected  to  the  core  of  the  regulating  solenoid  ;  the 
rack-rod  is  then  raised  by  the  lever,  without  turning  the  wheel,  to 
strike  the  arc. 

Referring  now  to  the  experimental  apparatus  attached  to  the 
lamp  in  fig.  264.  This  illustrates  an  arrangement  devised  by  Mr. 
Statterfor  the  purpose  of  recording  automatically  the  rate  and  regu- 
larity of  the  feeding  of  the  carbons,  a  is  a  drum  revolving  about  a 
vertical  axis,  and  driven  by  a  clock  in  the  case  c,  just  below  a.  One 
complete  revolution  is  made  per  hour.  The  drum  is  covered  with 
a  sheet  of  ordinary  squared  paper.  A  light  rigid  arm,  d,  is 
clamped  to  the  rack-rod,  and  carries  a  pencil  which  is  kept  pressed 
against  the  paper  by  a  light  spring.  The  distances  on  the  squared 
paper  parallel  to  the  axis  of  rotation  represent  in  fractions  of  an 
inch  the  length  of  carbon  burnt ;  while  one-sixtieth  of  the  distance 
round  the  circumference  corresponds  of  course  to  one  minute  of 
time.  Before  switching  on  the  current  the  drum  is  given  a  com- 
plete revolution  by  turning  the  nut  g,  and  the  length  of  the  arc 
struck  is  then  recorded ;  this  appears  as  a  short  vertical  straight 
line  on  the  paper.  The  drum  then  commences  to  rotate,  while 
the  pencil  travels  steadily  downward  with  the  upper  carbon- 
holder.  The  method  is  practical,  and  is  very  useful  for  the  testing 
of  lamps  and  carbons. 

The  Giilcher  lamp  was  designed  for  constant  potential  or 
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parallel  working,  and  has,  therefore,  neither  a  shunt  coil  nor  a  cm- 
out  It  is  consequently  very  simple  in  construction,  as  will  be 
gathered  from  the  plan  given  in  fig.  366,  and  the  elevation  in  iig. 


267.  The  regulation  of  the  lamp  is  effected  by  an  etectro-magnK 
of  the  horse-shoe  type,  E,  which  is  capable  of  rocking  within  c«itaiii 
limits,  on  the  centres  c  c 

On  starting  the  tamp  the  pole  p  attracts  the  iron  rod  R  wbidi 
carries  the  upper  carbon,  and  holds  it  with  a  force  proportioiul 
to  the  strength  of  the  current  flowing  through  the  lamp  ;  at  the 
same  time  the  other  pole,  p,,  is  attracted  towards  the  fixed  anna- 
ture  A,  and  the  magnet  moving  upwards  carries  the  upper  carbon 
rod  with  it,  and  thus  strikes  the  arc 

As  the  carbons  are  consumed  the  resistance  gradually  in- 
creases, and  the  current  diminishing  at  a  corresponding  rate,  there 
is  less  magnetic  attraction  towards  the  fixed  armature  ;  therocJting 
magnet  then  falls  to  its  original  position  of  rest,  supported  by  the 
stud  S  (fig.  267),  and  causes  r  to  approach  the  lower  carbon  and 
so  to  maintain  the  arc,  the  current  strength  being  at  the  same 
tirq£  increased  proportionally. 
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As  the  consumption  of  the  carbons  is  continued  and  the  length 
of  the  arc  therefore  increased,  the  current  is  again  diminished. 
With  this  diminution  the  magnetism  is  so  reduced  as  to  allow  the 


Fig.  267 


carbon-holder  r  to  slip  until  the  arc  reassumes  its  proper  length, 
and  the  normal  current  is  re-established,  when  the  magnet  is  once 
more  enabled  to  support  the  weight  of  the  rod. 

In  practice  the  rod  is  continually  slipping  by  imperceptible 
degrees,  and  compensating  exactly  for  the  consumption  of  the 
carbons. 

To  avoid  sudden  jerks  in  the  action  of  the  rocking  magnet,  a 
magnetic  brake  b  is  employed,  which  introduces  friction  in  inverse 
proportion  to  the  length  of  the  arc.  The  two  carbon-holders  are 
connected  by  a  cord  passing  over  a  pulley  wheel,  so  that  the  two 
carbons  approach  or  recede  simultaneously. 

The  lamp  is  constructed  in  various  forms,  but  in  all  of  them 
the  same  simplicity  of  parts  is  maintained.  The  globe  is  fitted  to 
a  pair  of  sliding  rods  and  can  be  drawn  down  out  of  the  way  so 
as  to  expose  the  carbon-holders  and  facilitate  the  renewal  of  the 
carbons. 


i 


526  Electrical  Engineering  chap.  xn. 


CHAPTER  XVI. 

INCANDESCENT  LAMPS — PHOTOMETRY. 

It  was  shown  when  discussing  the  Cardew  Voltmeter,  that  if 
a  current  of  electricity  is  urged  through  a  solid  conductor,  heat 
is  developed,  and  that  the  amount  of  heat  so  developed  is  pro- 
portional to  the  total  energy  expended  in  the  conductor.  It  was 
also  shown  that  this  energy  is  proportional  to  the  product  of  two 
factors,  viz.,  the  strength  of  the  current  c,  and  the  difference  of 
potential  e  between  the  extremities  of  the  conductor,  necessary  to 
maintain  that  strength — or  the  heat  H  developed  is  proportional 
to  E  c  ;  but  by  Ohm's  Law  e=sc  r,  therefore  e  c=sc*r. 

It  is  manifest  from  these  simple  formulae,  that  the  heat  de- 
veloped varies  directly  as  the  resistance,  and  directly  as  the  square 
of  the  current  strength.  It  may  also  be  said  to  vary  directly 
as  the  potential  difference.  If  we  have  two  equal  and  uniform  con- 
ductors A  and  B,  and  maintain  a  potential  difference  at  the  ends  of 
one  of  them,  a,  twice  that  of  the  other,  b,  the  heating  effect  will  be 
quadrupled  ;  for  with  equal  resistances  the  current  strength  will 
also  be  doubled,  and  in  fact  energy  is  being  expended  four  times 
as  fast  in  a  as  compared  with  the  rate  of  expenditure  in  b.  If, 
however,  while  both  conductors  are  of  the  same  length  and  sec- 
tional area,  the  specific  resistance  of  b  is  twice  that  of  a,  and  the 
same  potential  difference  is  maintained  in  both  of  them,  the  re- 
sistance of  B  being  twice  that  of  a,  will  halve  the  strength  of  the 
current  flowing  through  b.      Hence  if  in  a,  H  =  e  c,  or  c*r,  then 

in  B,  H=sicE  or  2Rf-J  =ic*R.      In  this  case  twice  as  much 

heat  is  developed  and  twice  as  much  energy  is  expended  in  a  as 
compared  with  b.  Again,  if  the  current  in  b  is  made  equal  to 
that  in  a,  by  doubling  the  potential  difference  in  the  former,  then 


CHAP.  XVI.  Heat  and  Light  527 

in  A,H=EC  or  c*r,  and  in  b,  h=2EC  or  2c'r,  so  that  doubling 
the  resistance  and  keeping  the  current  strength  constant,  doubles 
the  heat  developed  and  causes  twice  the  amount  of  energy  to  be 
expended.  One  great  lesson  is  here  again  enforced,  viz.,  that  the 
amount  of  energy  obtained  in  the  form  of  heat  can  only  equal  and 
never  by  any  possible  means  exceed  the  amount  of  electrical 
energy  expended  or  absorbed  in  the  conversion. 

The  relation  between  heat  and  temperature  has  already  been 
discussed,  but  we  must  again  refer  to  it  here,  for  it  is  of  the  utmost 
importance.  Let  us  suppose  that  instead  of  employing  a  con- 
ductor of  increased  specific  resistance,  we  experiment  with  two 
samples  of  the  same  material  and  of  the  same  sectional  area,  but 
that  one  of  them,  b,  is  twice  as  long  as  a  ;  then  the  resistance  of  b 
will  also  be  twice  that  of  a,  and  if  equal  currents  are  urged  through 
these  conductors,  the  heat  developed  in  a  will  be  only  half  that 
developed  in  b  ;  but  as  b  is  twice  the  length  of  a  and  has  therefore 
twice  as  much  matter  in  it,  the  temperature  of  the  two  conductors 
will  be  equal.  Now  when  a  body  is  made  very  hot  it  becomes 
luminous,  and  the  luminosity  of  a  body  is  proportional  to  its  tem- 
perature. In  this  experiment,  therefore,  the  temperature  of  a  and 
B  being  equal,  the  luminosity  will  be  equal,  although  b  absorbs 
twice  as  much  energy  as  a,  because  its  resistance  is  double.  Now 
if  the  resistance  of  b  is  made  double  that  of  a  by  halving  its  sec- 
tional area  instead  of  by  doubling  its  length,  and  equal  currents 
be  urged  through  each  as  before,  we  still  get  twice  as  much  energy 
absorbed,  and  therefore  twice  as  much  heat  developed  in  b  as  in 
a.  And  since  the  mass,  or  the  quantity  of  matter  in  b  is  now  only 
half  that  in  a,  equal  quantities  of  heat  would  cause  the  tempera- 
ture of  B  to  be  twice  that  of  a  ;  therefore  as  twice  the  amount 
of  heat  is  developed  in  b,  its  temperature  is  raised  to  four  times 
that  of  A.  This  clearly  indicates  the  direction  in  which  we  should 
work  in  order  to  raise  a  conductor  to  a  very  high  temperature. 
Stated  generally,  a  large  amount  of  energy  must  be  expended  on 
a  small  mass  of  matter ;  therefore  the  conductor  must  have  a  high 
resistance,  and  in  order  to  keep  its  mass  small  this  high  resistance 
must  be  obtained  by  diminishing  its  sectional  area  rather  than  by 
increasing  its  length,  and  further,  the  material  chosen  should  be 
one  which  has  a  high  specific  resistance. 
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Men  were  not  long  in  conceiving  the  idea  of  employing  the 
heating  effect  of  a  current  upon  a  conductor  for  illuminating  pur- 
I>oses,  and  patents  based  upon  this  principle  were  taken  out  nearly 
fifty  years  ago.  But  these  early  efforts  were  one  and  all  of  than 
failures  from  a  commercial  point  of  view,  although  some  of  them 
were  identical  with  many  of  those  of  a  comparatively  recent  date. 
It  was  seen  that  a  conductor  of  high  specific  resistance  was  neces- 
sary, and  this  limited  the  number  of  materials  available.  Ths 
number  was  further  reduced  by  the  fact  that  most  conduaac 
either  melt  or  volatilise  at  comparatively  low  temperatures — before, 
in  fact,  the  temperature  of  white  heat  is  attained.  Iron,  which  e 
cheap  and  has  a  high  resistance  and  which  might  therefore  be  con- 
sidered a  suitable  substance,  unfortunately  melts  at  a  compan- 
tively  low  temperature.  It  is  for  this  reason  useless  as  an  illami- 
nant.  It  also  oxidises  or  combines  with  the  oxygen  of  the  air  as 
its  temperature  rises.  German  silver  is  for  similar  reasons  do( 
available.  We  are,  indeed,  limited  among  the  metals  to  tbe 
expensive  platinum  or  its  alloys,  unless  we  take  into  account  the 
experiments  which  have  been  made  with  iridium,  a  most  ex- 
pensive and  very  scarce  metal,  and  which,  if  equal  to  the  require- 
ments, could  probably  not  be  procured  in  sufficient  abundance 
to  meet  the  demand.  Platinum  is  capable  of  being  raised  to  a 
bright  white  heat,^  and  can  then  emit  light  of  dazzling  brilliance. 
It  has  also  the  advantage  of  being  practically  inoxidisable.  Tbe 
critical  temperature  is,  however,  suddenly  reached  ;  that  is  to  say, 
above  a  certain  point,  a  slight  increase  of  temperature  suffices  to 
produce  liquefaction,  and  therefore  to  cause  a  rupture  and  so  dis- 
connect the  circuit.  It  must  also  be  remembered  that  the  resist- 
ance of  metals  increases  materially  with  an  exaltation  of  tempen- 
ture,  a  fact  which  hastens  the  fracture  of  the  wire.  Efforts  bave 
been  made  to  prevent  this  overheating  by  means  of  automatic 
regulators,  which  short-circuit  the  lamp  when  the  current  reaches 
a  certain  predetermined  strength,  and  so  cuts  off  the  current  just 
at  the  moment  that  there  is  a  risk  of  breaking  the  wire.  Some  of 
these  are  clever  laboratory  expedients,  but  nothing  more.  If,  then, 
we  had  been  restricted  to  metallic  conductors,  electric  lighting  by 
incandescence  would  long  since  have  been  given  up  as  impracti- 
cable.    Carbon,  however,  which  is  a  non-metallic  body,  is  a  fairif 
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good  conductor  of  electricity,  although  of  considerably  higher 
specific  resistance  than  platinum.  A  very  remarkable  feature  per- 
taining to  it  is  that  its  resistance  decreases  with  an  increase  of  tem- 
perature. It  is  a  substance  which  cannot  by  any  ordinary  means  be 
melted  or  volatilised  (although  a  temperature  has  been  attained  at 
which  it  becomes  flexible),  so  that  in  this  respect  it  is  superior  to 
platinum  or  any  other  of  the  metals.  It  however  oxidises  readily 
when  heated  in  an  atmosphere  containing  free  oxygen,  such  as  or- 
dinary air.  This  difficulty  was  for  a  long  time  insurmountable, 
although  many  efforts  were  made  to  overcome  it,  such  as  placing 
it  under  a  glass  receiver  or  shade,  and  depriving  the  enclosed  air 
of  its  oxygen  by  means  of  a  piece  of  phosphorus,  a  substance 
which  oxidises  readily  at  ordinary  temperatures.  In  this  case,  the 
carbon  is  suspended  in  an  atmosphere  of  the  remarkably  neutral 
or  inactive  gas  nitrogen.  But  even  such  an  arrangement  as  this 
was  soon  found  to  be  clumsy,  unsatisfactory,  and  in  fact  impracti- 
cable. Even  supposing  it  to  have  been  otherwise,  the  carbon 
procurable  was  very  defective.  Thin  rods  of  graphite  or  gas-retort 
carbon  such  as  is  used  in  the  Bunsen  cell,  or  sections  of  the  artifi- 
cially prepared  material  such  as  is  used  in  the  Leclanchd  cell,  were 
tried  ;  they  could  not,  however,  be  obtained  of  sufficiently  small 
sectional  area,  and  were  too  irregular  in  structure  to  prove  practi- 
cably useful.  Efforts  were  also  made,  and  with  a  better  prospect  of 
success,  to  accomplish  the  object  in  view,  by  placing  the  carbon  in 
the  then  best  obtainable  vacuum.  The  vacua  were  for  a  very  long 
time  far  from  perfect,  and  as  a  consequence  the  durability  of  the 
carbons  was  very  brief,  but  when  it  was  shown  how  it  was  possible 
to  secure  an  all  but  perfect  vacuum,  a  fresh  impetus  was  given  to 
the  idea  of  lighting  by  the  incandescence  of  thin  pencils  or,  as  they 
were  subsequently  called,  filaments  of  carbon.  Since  then,  the 
real  improvements  that  have  been  made  have  been  in  the  formation 
and  fixing  of  these  filaments,  which  can  now  be  prepared  from 
almost  any  substance  having  a  large  proportion  of  carbon  in  its 
composition.  As  organic  substances  consist  to  a  great  extent  of 
carbon,  and  as  these  substances  can  generally  be  decomposed  some- 
what readily,  it  is  only  natural  that  they  should  form  thebasis  from 
which  the  filaments  are  manufactured.  Filaments  as  they  are  now 
made,  can  be  divided  into  two  classes,  (i)  those  in  which  the  fibrous 
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structure  of  the  carbonaceous  body  is  retained,  and  (2)  those  a 
which  the  original  or  organic  structure  is  altogether  desinne: 
during  the  process  of  manufacture,  and  the  material  reDdoc^ 
thoroughly  homogeneous.  To  the  first  class  belongs  the  Edisci 
lamp,  and  to  the  second  class,  the  lamps  of  Swan  and  the  majorq 
of  other  inventors.  It  is  a  remarkable  fact  that  Edison  asserted  is 
his  patent  that  to  give  the  carbon  the  highest  possible  resistanaaii 
the  smallest  tendency  to  disintegration,  it  should  retain  its  stracta- 
ral  character,  and  that  such  caibons  alone  possess  these  qualities 
qualities  which  are  impaired  by  any  treatment  tending  to  fill  e? 
the  cells  or  pores  with  unstructural  carbon,  or  to  increase  the  da- 
sity  or  alter  the  resistance  of  the  fibre.  Swan,  on  the  other  hand 
maintained  that  the  structure  of  the  material  should  be  entiidr 
destroyed,  and  the  carbon  filament  made  as  dense  as  possibit 
Although  good  and  efficient  lamps  can  be  manufactured  on  dtber 
of  these  principles,  experience  seems  to  show  that  the  latter  ff 
homogeneous  filament  is  the  better  of  the  two. 

In  attempting  to  deal  more  specifically  with  themanufectuitrf 
incandescent  lamps,  we  are  met  with  two  serious  difficulties :  the 
first  is  due  to  the  enormous  number  of  processes  which  haw 
been  introduced,  but  to  the  great  majority  of  which  the  limits  and 
purpose  of  this  work  will  not  permit  us  to  refer.  L^l  dedskw 
which  have  been  given  in  recent  actions  between  the  Tarios 
makers,  have  however  considerably  reduced  the  number  vi 
variety  of  processes  actually  in  use.  The  second  difficulty  aiises 
really  from  a  kind  of  jealous  fear,  for  the  practical  makers  of  bopi 
regard  their  methods  as  secrets  which  it  is  their  boundendoj 
to  keep  religiously  to  themselves. 

It  might  have  been  gathered  from  what  has  already  been  saic 
that  the  chief  desiderata  in  a  good  lamp  are,  (i)  that  the  filameK 
shall  be  sealed  in  an  airtight  vacuous  glass  vessel  \  (2)  that  efficiec 
means  shall  be  provided  for  connecting  the  filament  with  the  ei- 
ternal  circuit  j  (3)  that  the  filament  shall  offer  considerable  resist' 
ance  ;  (4)  that  it  shall  have  a  small  mass,  so  that  its  tempeiatint 
shall  be  raised  as  much  as  possible  by  a  given  quantity  of  heat; 

(5)  that  it  shall  be  durable  at  high  temperatures  in  a  vacuum ;  aflC 

(6)  that  the  lamp  shall  be  capable  of  being  manufactured  at  asnaU 
^ost,  and  of  any  desired  dimensions  or  resistance.     At  present  it 
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is  the  last  of  these  requirements  which  gives  the  greatest  trouble 
in  meeting,  because  a  slight  variation  either  in  the  thickness  or 
sectional  area,  or  in  the  amount  of  radiating  surface  of  the  filament, 
causes  a  considerable  difference  in  the  luminosity. 

The  filament  in  the  Swan  lamp  is  made  either  direct  from 
cotton  thread,  or  from  a  thread  formed  by  squirting  a  solution 
of  cellulose  through  a  fine  nozzle  at  high  pressure,  cellulose  being 
the  chief  constituent  of  such  vegetable  substances  as  cotton,  linen, 
paper,  &c.  The  first  process  with  the  cotton  is  that  of  parch- 
mentising  it.  This  is  no  secret,  the  method  adopted  being  the 
same  as  that  for  making  ordinary  parchment  paper.  A  solution 
of  two  parts  of  sulphuric  acid  to  one  part  of  water  having  been 
prepared,  the  cotton  thread  (which  should  be  of  a  loose  texture 
such  as  knitting  or  crochet  cotton)  is  wound  on  a  drum,  from 
which  it  is  passed  slowly  through  the  acid  solution.  During  the 
passage  the  acid  acts  on  the  fibres  and  gradually  destroys  their 
molecular  structure,  partially  dissolving  the  material,  and  convert- 
ing it  into  a  gelatinous  semi-transparent  state,  as  cellulose,  having 
a  chemical  composition  of  CgHioOs.  Having  been  brought  to 
this  condition  it  is  passed  over  freely  revolving  rollers  or  pulleys 
into  a  bath  of  running  water,  where  it  is  slowly  and  uniformly 
wound  on  to  a  large  perforated  metallic  drum  driven  by  ma- 
chinery. When  the  drum  is  covered  it  is  removed  and  placed 
in  another  water  bath,  to  ensure  a  thorough  washing.  It  is  ab- 
solutely essential  that  every  particle  of  acid  should  be  removed, 
for  were  any  left  behind,  it  would  on  drying  destroy  the  thread 
by  dissolving  it.  After  being  thus  thoroughly  washed  the  drum 
is  removed  from  the  water  and  placed  aside,  to  allow  the  thread 
to  dry.  When  first  placed  in  the  washing  bath  it  gradually 
loses  its  transparency,  becoming  white  and  opaque.  But  on 
drying,  it  returns  to  the  transparent  state,  with  the  additional 
property  of  being  remarkably  tough,  becoming  a  horny  thread, 
with  every  trace  of  the  original  twist  destroyed. 

This  process  can  be  carried  out  in  a  small  way,  and  is  very 
instructive.  A  piece  of  knitting  cotton  is  wound  round  a  piece  of 
glass,  or  better  still,  round  a  frame  made  of  pieces  of  glass  rod.  It 
is  then  dipped  into  the  acid  solution  of  the  proportions  above 
mentioned.     The  process  must  be  carefully  watched,  and  if  the 
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action  has  been  of  just  sufficient  duration,  but  not  lasting  too  lon^ 
the  change  from  the  fibrous  to  the  homogeneous  state  will  be 
readily  seen.  It  should  then  be  placed  in  water,  well  washed  and 
dried.  The  drying  is  best  performed  by  stretching  the  thread 
gently  in  a  straight  line,  or  if  too  lengthy,  over  a  series  d 
pulle>'s.  If  the  thread  is  left  in  the  acid  too  long,  the  sofc- 
tion  is  carried  too  far  and  the  thread  weakened,  so  much  so  as  ace 
to  be  able  to  bear  its  own  weight  even  in  a  length  of  a  few  inches. 
The  same  thing  happens  if  the  thread  on  being  removed  from  the 
acid  is  placed  on  a  plate  or  piece  of  glass,  instead  of  bein?  a 
once  immersed  in  the  water ;  the  acid  remaining  in  the  thread 
completes  the  dissolving  process  and  liquefaction  ensues.  It  is 
possible  to  remove  the  thread  from  the  acid  too  soon,  the  de&a 
then  being  that  the  destruction  of  its  fibrous  character  v&  only 
partly  performed. 

The  thread  having  dried,  it  is  next  cut  to  a  uniform  gauge 
throughout,  which  is  done  by  drawing  it  through  a  series  of  jewel 
dies  decreasing  slowly  in  diameter.     It  is  then  subjected  to  the 
process  of  *  carbonising,'  or  converting  it  into  a  solid  carbon  fih- 
ment.     The  thread  is  first  wound  on  a  frame  consisting  of  two 
round  carbon  or  porcelain  rods  kept  in  position  by  being  fiied 
into  holes  in  two  side-pieces.     The  round  rods  are  sufficiently  fa 
apart  to  make  each  bend  of  the  thread  correspond  to  one  filament, 
for  it  is  in  the  process  of  carbonising  that  the  filament  is  definite^ 
shaped.    In  order  to  make  the  loop,  which  was  at  one  time  one  of 
the  characteristic  features  of  the  Swan  filament,  the  thread  is  turned 
twice  round  one  of  the  carbon  rods  in  the  frame  before  passing  to 
the  other  rod.     One  object  of  this  formation  is  to  get  a  long  fila- 
ment in  a  comparatively  small  bulb.     The  frame  having  baes 
filled,  pieces  of  cardboard  are  placed  on  its  sides  or  feces  to  preveui 
accidental  injury  to  the  threads,  the  whole  being  then  wrapped 
round  with  paper.     A  number  of  such  parcels  is  placed  in  a  cm- 
cible  or  cast-iron  box,  until  the  vessel  is  nearly  full.     Powdered 
charcoal  having  been  shaken  over  the  contents  to  fill  up  any  spaces 
that  may  have  been  left,  the  lid  is  placed  in  position,  and  an  air- 
tight joint  made  with  a  little  fireclay.     As  the  powdered  charcoal 
gets  hot  it  absorbs  any  free  oxygen  that  may  be  in  the  crudblc 
and  prevents  any  getting  to  the  filaments ;  were  it  to  do  so,  it 
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would  speedily  destroy  them.    The  crucible  being  thus  prepared, 
is  placed  in  a  suitable  furnace  and  raised  slowly  to  a  white  heat. 
Xlie  gradual  increase  of  temperature  is  important  in  determining 
the  shapeliness  of  the  filament.     Too  rapid  an  increase  in  tem- 
perature would  alter  the  dimensions  of  the  frame  and  cause  the 
threads  to  sag,  so  that  the  form  of  the  filaments  would  be  more  or 
less  distorted.    The  high  temperature  is  necessary  to  render  the 
carbon  hard  and  durable,  to  increase  its  conductivity,  and  to  reduce 
its  capacity  for  holding  atmospheric  and  other  gases  within  its 
pores.     This  last-mentioned  feature  is  not  only  interesting,  but  it 
is  also  fraught  with  the  utmost  importance.     All  substances  are 
more  or  less  porous,  and  have  the  power  in  varying  degrees  of 
holding  gaseous  particles  within  those  pores,  a  power  or  property 
known  as  occlusion.     As  the  temperature  of  a  body  rises  these 
gaseous  particles  expand  and  force  themselves  through  the  sub- 
stance, frequently  causing  minute  fissures ;  with  some  substances 
which  do  not  liquefy,  such  as  carbon  in  its  ordinary  form,  this 
power  of  occluding  gases  returns  with  a  resumption  of  the  normal 
temperature.     It  is,  therefore,  imperative  that  the  nature  of  the 
carbon  should  be  so  altered  as  to  prevent  this  taking  place.    Hence 
the  necessity  for  thorough  carbonisation  at  a  high  temperature. 

This  alteration  in  character  of  the  carbon  is  continued   in 
the  next  process,  which  is  that  of  *  flashing.'    Before  proceeding 
with  this  process,  however,  the  filaments  are  cut  to  about  the 
desired  length,  sufficient  margin  being  allowed  for  making  connec- 
tion with  the  platinum  wires,  which  pass  through  the  bulb  to  the 
external  circuit     The  filament  is  then  held  by  a  pair  of  clips 
connected  with  suitable  terminals,  by  means  of  which  a  dynamo, 
or  better  still,  a  battery  of  secondary  cells,  can  be  joined  on.     The 
suspended   filament  is  then  placed  in  an  atmosphere  of  some 
hydro-carbon,  more  generally  ordinary  coal-gas  (which  is  rich  in 
carbon),  and  traversed  by  brief  currents  sufficiently  strong  to  raise 
it,  or  portions  of  it,  to  a  white  heat.   The  effect  of  this  process  is  to 
partially  decompose  the  gas,  which  is  at  the  ordinary  atmospheric 
pressure,  and  to  cause  a  deposition  of  carbon  particles  on  the  sur- 
face of  the  filament.     Should  there  be,  as  is  generally  the  case, 
any  inequality  in  the  filament,  causing  a  variation  in  its  resistance, 
one  portion  will  be  raised  to  a  higher  temperature  than  another, 
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and  upon  this  hotter  section  a  greater  deposit  of  carbon  will  take 
place.     The   flashing  process  is   therefore  continued   until  the 
carbon  assumes  a  uniform  temperature,  that  is  to  say,  unul  k 
becomes  uniformly  luminous  throughout.     The  process  also  serro 
to  reduce  the  power  of  occluding  gases  in  the  interstices  betwes 
the  particles.      The  filament  is   next  placed   in   an    exhaused 
receiver,  and  a  continuous  current  passed  through  it,  the  rcsd: 
being  that  the  carbon  is  hardened,  the  conductivity  increased,  aai 
the  power  of  occlusion  eventually  destroyed  ;  but  to  bring  aJbc-2 
these  results  the  temperature  must  be  raised  to  a  white  heat  tbe 
current  being  maintained  until  the  resistance  is  reduced  almost  ic 
the  required  limit.     The  final  flashing  may,  however,  be  reserred 
until  the  filament  is  fixed  in  the  bulb  and  ready  for  finishing  <£ 
Platinum  wires  are  always  employed  in  mounting  the  filaments,  as 
it  is  the  only  metal  which  has  a  coefficient  of  expansion  nearh 
equal  to  that  of  glass  ;  that  is  to  say,  it  expands  or  contracts  with 
variations  of  temperature  at  almost  exactly  the  same  rate  as  glass, 
so  that  it  can  be  fused  into  that  material  without  any  risk  oi  its 
subsequently  fracturing  the  glass  on  cooling.     The  wires  are  firs 
fused  along  the  sides  of  a  short  piece  of  glass  rod,  or  have  a  link 
molten  glass  twisted  round  them  while  they  are  held  in  posxtkxi 
In  the  former  case,  a  piece  of  glass  tubing  is  fused  over  the  rod 
thereby  encasing  the  wires  for  a  portion  of  their  length.     Tb?: 
connection  with  the  carbon  is  made  by  flattening  out  the  ends  d 
the  wires  into  minute  plates,  which  are  then  bent  gently  round  the 
ends  of  the  filament,  to  which  they  are  fixed  with  carbonaceou? 
cement.     The  joint  is  completed  by  carbonising  the  cement  h 
means  of  a  strong  current  sent  through  it.     Instead  of  using  the 
cement,  the  joints  are  sometimes  perfected  by  immersion  in  3 
hydro-carbon  liquid  or  gas,  the  filament  being  short-circuited  aix: 
the  joints  raised  to  incandescence  by  a  strong  current,  causing  a 
decomposition   of   the    hydro-carbon,  and   a  deposition  of  ihr 
carbon  upon  the  joints.     There  are  several  other  methods  o' 
mounting,  but  they  are  mostly  based  upon  or  are  modifications  cfi' 
those  above  described. 

The  next  process  is  that  for  exhausting  the  bulb  of  its  con- 
tained air  and  moisture.  This  has  to  be  performed  carefuHy, 
and  it  is  here  that  some  of  the  greatest  diflficulties  are  met  with 
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The  vacuum  obtainable  in  an  ordinary  mechanical  air-pump  is, 
as  we  have  already  indicated,  far  from  perfect,  and  useless  for  the 
purpose.  There  are,  however,  two  types  of  mercurial  air-pumps 
'which  are  so  far  superior  to  the  mechanical  foim  that  they  can 
produce  even  higher  vacua  than  are  actually  required  for  lamp- 
xnaking.  It  is,  of  course,  well  known  that  if  a  long  glass  tube, 
say  36  inches  long,  seated  at  one  end,  is  filled  with  mercury  and 
then  inverted  with  its  open  Ftc.  >«. 

end  under  the  surface  of 
mercury  contained  in  a 
l>asin  or  other  convenient 
vessel,  the  liquid  metal  in 
the  tube  will  sink  until  its 
surface  is  about  30  inches 
above  that  of  the  mercury 
in  the  basin — until,  in  fact, 
just  a  sufficient  height  of 
mercury  is  left  in  the  tube 
to  balance  the  atmospheric 
pressure  on  the  mercury 
outside.  It  follows  that 
the  space  in  the  tube  above 
the  level  of  the  metal  is  a 
more  or  less  perfect  va- 
cuum, and  it  is  generally 
known  as  a  Torricellian 
vacuum,  owing  to  the  fact 
that  Torricelli  was  the  first 
to  perform  the  experiment. 

The  Geissler  pump,  al- 
though but  a  modification 
of  the  Torricellian  appa- 
ratus, is  an  instrument  of 
incalculable  value.  A  labo- 
ratory form  of  this  pump  is 

illustrated  in  fig.  268.     a  is  -^ 

a  glass  vessel  or  reser^-oir  which  is  connected  by  a  piece  of  flexible 
tubing,  c,  with  a  barometer  lube,  t,  terminating,  at  its  upper  ex- 
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tremity,  in  a  glass  reservoir,  b,  which  may  be  called  the  pomp- 
head.  The  latter  reservoir  is  connected  to  a  three-way  tap,  «,  of 
which  enlarged  views  are  given  at  x  v  z.  When  this  tap  is  turned^ 
as  at  z,  communication  between  b  and  the  outer  air  at  tr  is  esa- 
blished,  an  additional  ordinary  tap  being,  however,  interposed  at*. 
When  m  is  turned  off,  as  at  y,  communication  with  the  outer  air  b 
shut  off;  but  \in  is  turned  into  the  position  shown  at  x,  the  punqv 
head  is  connected  to  the  tube  d^  which  leads  into  the  drying  tube^, 
containing  sulphuric  acid.  The  receiver  or  other  vessel  to  be  ex- 
hausted is  connected  to  the  tube  r,  which  also  leads  into  the  drying 
tube.  A  small  manometer  or  pressure  gauge,  /,  also  comnaunicata 
with  ^,  and  serves  to  indicate  the  degree  of  exhaustion  obtained. 
The  reservoir,  a,  has  a  cord  attached  to  it,  which,  passing  over  the 
pulley,  a,  is  fixed  to  the  drum,  b.  By  means  of  the  handle  attached 
to  this  drum,  the  reservoir  can  be  raised  or  lowered  through  a 
distance  of  nearly  4  feet. 

If  now  A  is  placed  at  the  top  of  its  range,  the  taps  n  and  m 
being  open  as  at  z,  the  mercury  on  being  poured  in  will  fall  donn 
the  tube  c  and  rise  in  t  until  the  pump-head,  b,  is  full,  or  until  the 
mercury  columns  in  the  two  tubes  are  balanced.  The  air  in  t 
and  B  will,  of  course,  be  expelled  at  f^  as  the  mercury  rises  in  die 
tube.  Supposing  the  taps  to  be  next  turned  so  as  to  shut  off 
communication  with  the  outer  air  and  connect  b  with  the  receiTier 
or  incandescent  lamp  bulb  which  is  to  be  exhausted,  and  thco 
the  reservoir,  a,  to  be  lowered  sufficiently,  the  mercury  will  flow 
out  of  B  and  down  t  until  it  is  just  balanced  by  the  pressure  of 
the  air  on  the  surface  of  the  mercury  in  a.  The  air  in  the  receiver 
or  bulb  then  expands  uniformly  so  as  to  occupy  the  space  in  the 
pump-head  and  tube  above  the  mercury.  The  tap  n  is  again 
turned  so  as  to  shut  off  the  receiver.  On  raising  the  reservoir, 
A,  the  mercury  again  rises  into  b,  and  the  taps  being  turned  so  as 
to  open  communication  with  the  atmosphere,  the  contained  air  is 
driven  out.  This  done,  n  is  once  more  turned  so  as  to  open  com- 
munication between  the  receiver  and  b,  and  cause  the  air  left  in 
the  receiver  to  again  expand  when  a  is  lowered.  This  air  is  in  its 
turn  expelled,  and  the  process  repeated.  The  operation  is  obviously 
a  very  slow  one,  although  it  is  possible  with  this  apparatus  to  obtain 
very  high  vacua. 
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The  other  type  of  mercurial  pump  to  which  we  have  referred 
is  the  Sprengel,  the  fundamental  principle  of  which  is  illustrated 
in  fig.  269.  It  consists  of  a  stout  glass  tube,  c  dy  39  or  40  inches 
long,  with  a  branch  x  con-  p^^ 

nected  to  the  vessel  r  to  be 

exhausted.      A  large  funnel- 
shaped  reservoir,  a,  supported 

by   a  stand,  is  connected  to 

<:  ^  by  means*  of  a  piece  of 

india-rubber  tubing,  the  size 

of    the    channel    through    it 

being  adjusted  by  means  of  a 

pinch-cock.     The  lower  end 

of  c  d  dips  below  the  surface 

of  the  mercury  in  the  flask  b, 

which    is    furnished    with    a 

spout  a  little  higher  than  the 

bottom  of  c  d,   in   order  to 

allow  the  mercury  to  pass  out 

into  the  reservoir,  h.      The 

pinch-cock  is  so  adjusted  as 
only  to  allow  the  mercury  to 
pass  down  the  shaft  a  drop  at 
a  time   Each  drop  constitutes 
a  plug  or  piston  which  fits 
closely  to   the   sides  of  the 
glass  and  in  its  descent  drives 
before  it   any  air  that    may 
happen  to   separate   it  from 
the  drop    beneath  it      The 
shaft  c  d'\s  to  all  intents  and 
purposes  a  barometer,  so  that  the  drops  of  mercury  accumulate 
until  a  column  is  formed  about  30  inches  high,  the  actual  height 
depending  upon  the   counter-pressure  of  the  outer  air  at  the 
time  being.     Hence  the  distance  which  the  mercury  pistons  ulti- 
mately fall  is  only  9  or  10  inches      It  will  be  evident  that  as 
the  drops  fall,  and  tend  to  establish  a  vacuum  above  them,  the 
air  in  R  expands  and  part  of  it  occupies  this  otherwise  vacuous 
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space.  Consequently  as  each  piston  passes  the  junction  of  x,  the 
•air  is  swept  out  little  by  little  until  finally  a  very  good  vacuum  is 
obtained  in  r.  When  the  degree  of  rarefaction  becomes  consider- 
able, the  pistons  fall  smartly  upon  the  column  of  mercury  aad 
give  out  a  distinct  metallic  ringing  sound.  This  hammering  fre- 
quently sets  up  such  strong  vibrations  as  to  fracture  the  glass ; 
and  it  is  this  which  really  limits  the  length  of  the  shaft  As  the 
mercury  falls  on  the  barometric  column,  an  equal  quantity  is,  of 
course,  driven  out  at  the  lower  end,  carrying  with  it,  also,  the 
bubbles  of  air  which  separate  the  little  plugs.  The  mercar? 
collected  in  h  is  replaced  in  a  as  necessity  arises.  This  process 
is  also  very  long  and  tedious. 

The  exhaustion  can  be  materially  hastened  by  employing  a 
good  mechanical  air-pump  to  exhaust  the  system  as  far  as  pos- 
sible by  mechanical  means,  the  process  being  afterwards  com- 
pleted with  the  mercury  pump.  A  simple  barometer  gauge  can 
also  be  used  to  indicate,  by  the  height  of  its  contained  mercun; 
the  degree  of  exhaustion  obtained 

These  are  the  two  systems  of  pumps  upon  which  the  appa> 
ratus  actually  employed  in  exhausting  incandescent  lamp  bulbs  is 
based.  These  simple  forms  are,  however,  open  to  many  serious 
objections.  A  film  of  air  always  attaches  itself  to  the  sui&ce 
of  glass,  and  at  times  some  difficulty  is  encountered  in  getting 
rid  of  it.  Air  is  also  supposed  to  be  confined  in  the  mercury 
itself,  but  there  is  some  doubt  on  this  point  To  get  rid  of  other 
impurities  the  mercury  should  always  be  distilled,  and  never 
allowed  to  get  dirty  by  contact  with  brass  or  any  other  substance 
which  it  is  likely  to  attack.  Ordinary  air  always  contains  more  or 
less  moisture,  and  to  get  rid  of  this  the  air  as  it  is  exhausted  from 
the  lamp  bulb  is  made  to  pass  through  sulphuric  acid  or  phos- 
phoric anhydride  in  order  to  dry  it  before  it  is  allowed  to  enter 
the  pump.  Grease  used  for  lubricating  taps  is  also  injurious  for 
similar  reasons,  and  should,  therefore,  be  avoided.  Taps  them- 
selves are  serious  offenders.  No  matter  how  perfectly  they  are 
made,  they  must  allow  some  air  to  enter  the  pump,  more  esped- 
ally  when  high  vacua  are  obtained,  and  when,  therefore,  the  pres- 
sure of  the  outer  air  on  the  tap  is  very  considerable.  To  overcome 
this  difficulty,  taps  are  now  superseded  in  the  essential  portions 
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of  the  pump  by  small  glass  valves  moving  up  and  down  in  the 
pump  as  the  mercury  rises  and  falls.  Their  ends  are  ground  to 
fit  the  seating,  the  passage  being  effectually  sealed  by  a  small 
ring  of  mercury  which  is  retained  as  the  valve  drops  into  position. 
One  of  these  valves  is  shown  at  d  in  fig.  272. 

But  mercury,  like  other  bodies,  is  more  or  less  volatile,  and 
when  the  exhaustion  in  the  pump  is  carried  beyond  a  certain 
point,  the  exceedingly  small  pressure  on  the  mercury  surface 
permits  vaporisation  to  take  place.  Although  the  degree  of 
exhaustion  of  incandescent  lamp  bulbs  is  comparatively  low,  and 
not  sufficient  to  cause  any  considerable  amount  of  vaporisation, 
it  may  be  interesting  to  mention  a  device  by  Mr.  Crookes  for 
keeping  the  vapour  out  of  the  receiver  to  be  exhausted.  Between 
the  receiver  and  the  pump  he  placed  a  long  tube  containing  in 
%he  middle  of  it  a  little  iodine,  on  each  side  of  which  was  placed 
powdered  sulphur.  The  mercury  vapour  was  arrested  by  the 
iodine  and  converted  into  solid  iodide  of  mercury.  The  iodine, 
which  is  itself  volatile,  was  prevented  by  the  sulphur  from  getting 
out  of  the  tube  either  way,  by  its  conversion  into  iodide  of  sulphur. 
But  there  was  also  a  risk  of  the  sulphur  getting  out  of  the  tube, 
and  this  was  prevented  by  placing  in  its  path  powdered  silver, 
which,  combining  with  sulphur  vapour,  would  form  sulphide  of 
silver.  In  this  way  it  would  be  possible  to  prevent  any  mercury 
passing  into  the  receiver,  which  would,  therefore,  contain  nothing 
but  the  exceedingly  minute  residuum  of  air. 

One  of  the  most  practical  forms  of  pump  is  that  of  Mr. 
Gimingham,  the  factory  type  of  which  is  illustrated  in  fig.  270. 
A  large  vessel,  a,  is  employed  to  supply  several  pumps,  the  flow  of 
mercury  through  each  pump  being  regulated  by  the  tap,  b.  The 
mercury  is  driven  up  the  tube  d  and  enters  the  pump-head  at  e, 
where  the  drops  are  divided  between  five  Sprengel  fall-tubes, 
carrying  with  them  the  air  from  the  lamp  bulb  attached  to  r, 
which  on  its  way  to  the  pump  passes  through  the  horizontal  drying 
tube  s.  The  mercury  plugs  fall  into  the  reservoir  f,  whence  the 
metal  is  lifted  by  a  force-pump  into  a  again.  But  as  the  mercury 
is  very  liable  to  carry  with  it  minute  air-bubbles,  which  would  be 
given  up  in  the  pump  and  impair  the  vacuum,  some  device  be- 
comes necessary  for  arresting  these  atmospheric  particles.     The 
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bubbles  usually  find  their  way  to  the  surface  of  the  glass,  and 
slide  upwards  with  the  mercury.  This  fact  perjuits  the  adoption 
of  a  very  simple  but  effectual  form  of  '  air-trap,'  as  shown  near  ibe 
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forked    tube 
tube  on   the  left, 
is     controlled 
pinch-cock  ;•,  leads  through  two  air-traps,  n,  m,  to  a 
pressure  gauge,  an  appliance  used  for  measuring  the  pre&sutc 
very  high  vacua  where  the  ordinary  means  of  measuremeni  jtei 
available.     The  process  consists  in  compressing  a  lai^e  but 
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volume  of  the  rare- 
fied air  into  a  com- 
paratively small  space 
also  of  Itnown  dimen- 
sions, and  then  mea- 
suring the  pressure 
under  the  altered 
conditions.  The  tube 
on  the  right,  con- 
trolled by  the  pinch- 
cock  q,  leads  through 
the  air-traps  h,  i 
to  the  pump -head, 
where  the  mercury 
divides  between  the 
five  fall-tubes,  which 
are  about  39  inches 
long,  and  which  dis- 
chai^e  into  the  capa- 
cious reservoir  shown 
at  the  bottom.  The 
tube  t  is  the  exhaust 
tube,  having  three 
branches,  one,  t, 
leading  to  the 
McLeod  gauge,  ano- 
ther, /,  to  the  baro- 
metric gauge,  »,  and 
another  through  the 
drying  and  absorb- 
ing tubes,  *  and  y, 
to  the  lamp  bulb. 
A  comparison  baro- 
meter is  placed  at  w. 
The  supply  vessel  a 
is  lowered  from  time 
to  time  and  commu- 
nication   established 
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with  the  collecting  vessel  so  as  to  allow  the  mercury  after  it  has 
passed  through  the  pump  to  refill  it.  In  experimenting  it  is  some- 
times necessary  to  count  the  number  of  times  this  vessel  is  raised ; 
this  is  done  automatically  by  the  tubes  de  and/^  with  the  aid  of  a 
few  leaden  shot,  one  shot  being  made  to  fall  from  the  upper  to  the 
lower  tube  every  time  the  vessel  a  is  raised.  Mr.  Gimingham  has 
experimented  very  extensively  with  mercurial  pumps,  and  finds 
that  39  inches  is  the  best  length  for  the  fall-tube.  He  says  that 
*  An  experiment  recorded  in  my  note-book  with  a  five-fall  tube 
pump  whose  tubes  were  at  first  made  33  inches  long,  and  then  were 
lengthened  to  39  inches  by  sealing  pieces  to  their  lower  ends,  shows 
that  by  passing  the  same  quantity  of  mercury  through  at  the  same 
rate,  a  certain  globe  was  exhausted  in  the  first  case  to  50  mm. 
pressure,  and  in  the  second  to  i  mm.,  showing  a  great  increase  in 
the  rate  of  exhaustion,  due  to  the  extra  6  inches  of  fall-tube.  On  the 
other  hand,  if  they  be  made  of  a  greater  length  than  39  inches  the  faB 
of  the  mercury  at  the  high  exhaustion  causes  such  severe  hammer- 
ing that  the  tubes  are  liable  to  be  fractured.' 

From  other  experiments  he  deduced  that  in  the  higher  stages 
of  the  exhaustion,  the  air  particles,  instead  of  being  swept  out  by 
the  pistons,  are  taken  out  by  a  process  of  entanglement  with  the 
mercury. 

Mr.  Swinburne  has  invented  an  exceedingly  simple  and  usefiil 
pump  (fig.  272).  It  consists  of  a  bulb,  a,  on  a  long  shaft,  g,  which 
passes  through  an  air-tight  stopper  nearly  to  the  bottom  of  the 
bottle  B.  The  bulb  is  drawn  to  a  point  at  the  top,  and  the  tube 
is  enlarged  into  a  little  bulb  at  c.  It  is  again  contracted  where  it 
joins  the  valve  tube  d.  From  the  top  of  d  there  is  a  tube  to  the 
globe  E  communicating  with  the  tube  f,  which  serves  for  a 
number  of  pumps  and  in  which  a  vacuum  is  maintained  by  a 
mechanical  pump,  h  leads  to  the  drying  tube  i,  and  j  to  the 
branch  tube  on  which  the  lamps  are  sealed.  The  pump  is  started 
by  opening  the  tap  l,  but  the  bent  tube  leading  into  the  globe  e 
is  drawn  very  fine  so  that  the  exhaustion  takes  place  gradually. 
The  bending  in  this  tube  prevents  any  globules  of  mercury  that 
may  be  drawn  over  into  e  from  getting  into  the  vacuum  tube  r. 
When  the  vacuum  in  the  pump  and  lamps  has  been  brought  to 
about  half  an  inch,  communication  with  f  is  cut  off  by  turning  the 
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lap  L,  and  the  tap  k  is  opened,  and  a  highei  vacuum  developed 


to  alternations  of  ordinary  atmo- 


by  subjecting  the  mercury 
spheric,  and  high  air  pressure. 
The  height  of  the  mercury 
shown  in  the  shaft  g  is  that 
due  to  the  ordinary  atmo- 
sphenc  pressure  in  b,  so  that 
when  the  high -pressure  air 
descends  through  k,  the  mer-. 
cury  is  driven  past  the  open- 
ing of  the  tube  h,  through  the 
bulb  or  pump-head  A,  through 
C  and  half  way  up  the  tube  d. 
The  extra  pressure  being  now 
removed  from  n,  the  mercury 
descends,  the  valve  in  d  closing 
the  opening  into  c  before  it 
has  all  fallen  so  that  the  valve 
is  sealed  by  the  mercury.  The 
mercury  continues  to  fall  till 
it  reaches  the  level  g,  whence 
a  further  exhaustion  by  expan- 
sion from  the  lamp  bulbs  takes 
place.  This  small  quantity  of 
air  is  in  its  turn  expelled,  and 
the  Geissler  action  continued 
until  the  necessary  degree  of 
exhaustion  has  been  obtained. 
The  little  bulb  c  is  introduced 
to  prevent  the  mercury  rising 
and  hitting  the  valve  smartly 
when  the  exhaustion  ap- 
proaches completion.  Were 
it  allowed  to  do  so  the  air 
would  probably  be  driven 
against  the  side  of  the  glass 
and  stick  there.  It  will  be 
evident  that,  as  the  passages  both  above  and  below  n  are  exhausted, 
a  very  small  pressure  will  suffice  to  raise  the  valve. 
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Reverting  to  fig.  269,  it  will  be  apparent  that  if  the  atmospheric 
pressure  in  b  is  reduced  the  mercury  column  in  the  shaft  r^  will 
be  shortened,  whence  a  shorter  shaft  will  suffice.  In  pumps  of 
this  pattern  recently  devised  by  Mr.  Steam,  there  are  three  £aB- 
tubes,  each  10  inches  long,  completely  enclosed  in  a  partially 
exhausted  chamber. 

Such  pumps  are  finding  considerable  favour,  but  they  intro- 
duce a  further  risk,  for,  if  anything  happens  to  interfere  with 
the  partial  vacuum,  the  mercury  will  be  driven  up  with  consider- 
able force  and  get  into  the  upper  parts  of  the  pump,  possibij 
breaking  it. 

Many  suggestions  have  been  made  to  heat  portions  of  tbc 
mercury  pump  with  a  view  to  hastening  its  action,  and  pumps  have 
been  constructed  to  suit  this  purpose,  but  they  do  not  seem  to 
have  met  with  much  success  in  practice.  Vacua  can  now  be 
obtained  far  in  advance  of  the  actual  requirements,  the  most 
perfect  vacua  being  developed  by  the  absorption  of  the  residusl 
gas  after  the  exhaustion  has  been  pushed  as  far  as  possible  by  the 
mercury  pump.  This  is  done  either  mechanically  or  by  using 
some  substance  with  which  the  air  particles  combine  chemicallj. 
Dewar  has  produced  a  vacuum,  which  he  estimates  at  ^^  of  a 
millimetre,  by  heating  charcoal  to  redness  in  the  vessel  exhausted 
by  the  Sprengel  pump. 

Mr.  W.  Crookes  says  he  has  obtained  a  vacuum  of  one-hundredth 
of  a  millionth  of  an  atmosphere,  which  is  equivalent  to  one-tenth 
of  an  inch  at  the  top  of  a  barometer  tube  200  miles  in  het^ 
That  would  appear  to  be  an  almost  perfect  vacuum  ;  but  such  is 
the  smallness  of  the  molecules  of  matter,  that,  were  a  small  tube 
containing  a  centimetre  of  air  exhausted  to  that  extent,  there  voukl 
still  be  left  in  it  ten  billion  molecules. 

Although  it  is,  evidently,  a  comparatively  simple  matter  to 
obtain  the  degree  of  exhaustion  necessary  for  incandescent  lamps, 
there  are  several  causes  for  a  deterioration  manifesting  itself  in  die 
vacuum  after  the  finished  lamp  has  been  laid  aside  for  a  time, 
such  as  the  occlusion  of  gases  by  the  carbon  and  platinum,  and 
by  the  cement  employed  to  connect  them  together,  and  the  very 
thin  film  of  air  which  is  liable  to  adhere  to  the  inner  suriace  of 
the  bulb.     In  order  to  expel  these  gases^  the  filament  is  raised  to 
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incandescence  during  the  later  stages  in  the  process  of  exhaustion, 

or  the  heat  is  applied  externally. 

The    la.rap  having  been  sufficiently  exhausted,  the  smaU  glass 

tube   connecting  the  bulb  to  the  exhaust  tube  is  fused,  drawn  out 

to  a  thread,  and  the  lamp  sealed  off. 

It  remains  now  to  test  its  efficiency,  that  is  to  say,  the  amount 

of  light   emitted  for  a  given  electrical  power.     A  lamp  may  be 

said   to   have  a  very  good  efficiency  if  it  yields  one  candle-power 

in  return    for  3-5  watts,  so  that  an  average  16  candle  power  lamp 

should  absorb  56  watts. 

The   vacuum  is  usually  tested  by  means  of  an  induction  coil ; 

one  method  is  to  fuse  two  platinum  wires  into  a  glass  tube  leading 

to  the  lamp,  and  simultaneously  exhausted  with  it,  and  to  connect 
these  wires  to  the  terminals  of  the  secondary  coil.     The  distance 
between    the  ends  of  the  platinum  wires  inside  the  tube  is  so 
adjusted   that  when  the  required  degree  of  exhaustion  is  attained, 
the  spark  passes  through  the  air  outside  the  tube,  in  preference  to 
Xiaversing  the  vacuous  space  between  the  platinum  points      An- 
other method  applicable  to  the  finished  lamp  is  to  cormect  one 
^xvd  of  the  secondary  to  the  filament,  and  the  other  to  a  loop 
wound  outside  the  bulb,  the  quality  of  the  vacuum  being  deter- 
tnined    by  the  relative  feebleness  of  the  discharge  which  takes 
place  between  the  filament  and  the  bulb.     It  should  be  observed 
that,  in  a  badly  exhausted  lamp,  not  only  does  the  filament  '  burn,' 
that  is  oxidise,  but  it  also  requireis  a  greater  amount  of  heat  to 
raise  and  maintain  its  temperature  at  the  required  point,  owing  to 
^e  fact  that  the  air  particles  carry  a  portion  of  the  heat  away  by 
convection. 

The  *  lif^  '  of  an   incandescent  lamp  or  the  number  of  hours 
that  it  can  maintain  illumination  varies  considerably.      Some  fila- 
nients  fracture  in  a  few  hours,  while  others  will  last  for  years,  and 
we  have  seen   one  which  had  been  burning  steadily  for  at  least 
^jooo  hours,  and  at   a  good  efficiency.     It  will   be    obvious  that 
the  life  of  the  filament  must  in  a  great  measure  depend  upon  the 
strength  of  the  current  which  is  sent  through  it.       Xf   g.  compara 
tnely  feeble  current   is   employed  the  lamp  will  last   much  \onge 
^iian  it  would    with  an   abnormally  powerful  one.        On  the  oth< 
hand,  the  luminosity  increases  much  more  rapidly  tVvatv  the  curre 
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strength,  so  that  the  question  really  resolves  itself  into  one  of 
comparative  expense.  A  lamp  that  is  burning  low  yields  a  mucti 
lower  efficiency,  but  lasts  longer,  than  one  of  the  same  type  which 
is  brilliantly  illuminated ;  but  it  may  be  accepted,  generally,  that  $ 
is  more  economical  to  run  lamps  at  a  high  than  at  a  low  effidency. 
The  filament  of  the  Edison  lamp,  which  is,  however,  rardi 
used  now,  is  made  from  bamboo,  which  is  carefully  cut  into  veiy 
fine  strips  of  the  required  length,  provided  with  little  enlai^- 
ments  at  the  extremities  to  facilitate  the  fixing  to  the  platinuc: 
wires  which  are  fused  through  the  bulb. 

The  carbonising  and  subsequent  processes  are  similar  is 
principle  to  those  already  described,  the  method  of  fixing  d* 
carbon  to  the  platinum  being,  however,  somewhat  difierent  The 
flat  ends  of  the  carbon  are  mechanically  gripped  by  the  platinnm. 
and  the  junction  is  made  electrically  perfect  by  a  small  coating  of 
copper  deposited  electrolytically, — that  is  to  say,  the  joint  is  con- 
nected to  the  negative  pole  of  a  battery  and  is  then  placed  in  a 
bath  or  vessel  containing  a  solution  of  copper  sulphate,  in  wfaid 
is  immersed  a  copper  plate  connected  to  the  positive  pole  of  the 
battery.  As  the  current  passes  through  the  solution,  copper 
particles  are  dissolved  off  the  copper  plate,  and  an  equal  number 
of  particles  precipitated  upon  the  joint.  Electrical  continuity 
is  in  this  way  ensured,  but  during  the  subsequent  working  of  the 
lamp  there  is  a  tendency  towards  the  disintegration  of  the  copper, 
which  is  sometimes  deposited  upon  the  inner  surface  of  the  bulb 
as  a  thin  metallic  film. 

.Such  are  the  general  features  pertaining  to  the  construction  d 
the  Swan  and  Edison  lamps;  but  the  commercial  interests  in  them 
have  been  amalgamated,  and  the  distinction  between  them  '^ 
therefore  less  marked  than  formerly,  the  Exlison  lamp  pure  and 
simple  being  now  obsolete  in  England. 

For  ordinary  purposes  the  filaments  of  the  Edison-Svas 
lamps  are  shaped  either  as  single  or  double  loops.  There  are; 
however,  several  ways  in  which  connection  is  made  between  the 
lamp  and  the  external  circuit,  involving  a  corresponding  variet)'  in 
the  form  of  the  lamp-holders. 

Figs.  273  to  275  illustrate  the  methods  more  generally  em- 
ployed for  connecting  the  filament  to  the  external  circuit     In  one 
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of  the  lamps,  fig.  273,  the  outer  ends  of  the  platinum  leading  wires 
are  simply  bent  into  small  loops,  the  class  of  holder  used  being 
provided  with  two  spiral  springs  connected  to  the  circuit  leads. 
The  free  ends  of  the  springs  are  passed  through  the  lamp  loops, 
the  shoulder  of  the  lamp  fitting  into  the  circular  part  of  die  brass 


strip,  the  straight  portion  of  which  is  just  long  enough  to  Veep  t^^ 
spirals  extended  and  so  to  make  good  electrical  connection- 

The  top  of  the  lamp  shown  in  fig.  274  is  provided  -S^^^^ 
insulated  brass  collar  fixed  with  cement,  the  filament  being  ^^^' 


S48 


Eiecirtcal  Ertgineertng 


nected  to  the  two  brass  segments  embedded  in  the  cemem. 
The  collar  has  two  small  pins,  which  fit  into  the  '  bavonet  joint 
holder,  which  is  shown  in  the  figure,  with  its  two  parts  sepaiatt 
In  twisting  the  lamp  mto  the  holder  the  segments  make  nibbox 
p^    ^  contact  with  the  two  spiral  spnngs,  whiti 

project  a  little  from  the  guiding  tubes. 
These  spirals  are  connected  to  the  aroni 
leads,  and  the  lamp  is  thus  thrown  mto  or 
cuit,  by  the  mere  act  of  fixing  it  in  ttv 

111'    ''  (         I  1  ^'^  *^^  illustrates  the  connection  known 

'  ™     I    V       I  I  as  the  Edison  screw,  m  which  one  end  of 

the  filament  is  connected  to  the  covse 
screw  thread,  and  the  other  to  the  insulated 
brass  stud  projecting  from  the  bottom  of 
the  lamp  This  affords  another  means  d 
throwing  the  lamp  in  circuit  bj  the  act  d 
placing  It  in  its  holder,  which  is  provided 
with  a  corresponding  brass  screw  thread, 
and  a  small  brass  disc  mounted  on  a  spnng, 
which  maintains  contact  with  the  studoo 
the  lamp 

Lamp  holders  are  sometimes  provided 
Kith  small  switches  for  making  and  breakup 
the  lamp-circuit,  the  switch  action  beii^ 
generally  controlled  by  a  tap  handle  simik: 
to  those  used  for  gas-burners.  In  tfat 
Edison  socket,  as  made  by  the  Walsal 
Electric  Co.  (fig.  275),  the  tap  carries  a  cam,  which  works  against 
the  curved  edge  of  a  brass  strip,  causing  a  to-and-fro  movemwii « 
the  spindle  which,  in  the  position  for  lighting,  presses  a  bt^ 
spring  against  the  stud  on  the  bottom  of  the  lamp.  It  releases 
with  a  snap  action.  Lamp-switches  are,  however,  more  generallv 
independent,  and  fixed  in  convenient  positions  on  the  wall,  tcc- 
and  one  or  two  forms  of  them  will  be  described  in  the  following 
chapter. 

Fig,  276  illustrates  a  form  of  lamp  designed  to  overcome  a 
difficulty  experienced  hitherto  when  using   incandescent  lamps 
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for  optical  lanterns,  as  well  as  in  other  cases  where  the  source  of 
light  should  be  small  and  approximate  as  nearly  as  possible  to  a 
point  The  shape  of  the  filament  is  that  of  a  flattened  spiral,  form- 
ing a  square  grating  constructed  so  that  when  fully  incandescent  it 
produces  a   square  of  intense  Fio.  i  6. 

luminosity,  the  light  from  which 
is  wholly  gathered  up  by  a  con- 
densing lens  in  the  focus  of 
which  the  lamp  is  placed,  and 
gives  a  perfectly  uniform  disc 
of  Lght.  This  would  not  be 
the  case  if  an  ordinary  incan-  ,' 
descent  lamp  were  used. 

The  lamp  is  mounted  in  a 
brass  collar,  with  a  shank  to  it, 
through  which  passes  a  flexible 
cord  for  leading  the  current  to 
the  lamp.  A  convenient  holder 
is  also  made  for  the  shank  to 
fit  into,  It  is  provided  with  a 
set  screw,  by  means  of  which 
the  lamp  may  be  varied  in 
height  or  turned  round ;  the 
holder  is  made  with  screw  holes 
for  screwing  on  to  a  block,  or 
it  may  be  soldered  to  the  metal 
bottom  of  the  lantern. 

The  lamp  is  made  in  two 
sizes  (a)  35  to  S5  volts,  giving 
about  50  c.  p.  ih)  80  to  100 
volts,  giving  about  100  c  p. 

Incandescent  lamps  of  the 
ordinary  type  are  also  made  of  high  illuminating  power,  equal  to  that 
of  200,  500,  and  1,000  candles.  These  lamps  are  suitable  for 
interior  lighting  in  public  buildings  and  factories,  and  in  other 
situations  where  a  powerful  and  steady  light  is  required. 

In  proportion  to  their  actual  c  p.,  these  lamps  are  more 
economical  to  instal  than  groups  of  small  incandescent  lamps; 
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for  example,  the  200  c.  p.  lamp  gives  a  light  equal  to  12  or  13 
lamps  of  16  c.  p.,  but  costs  only  twice  as  much  as  a  16  c.  p.  lamp^ 
although  the  expenditure  of  energy  per  candle-power  is  in  each  case 
about  the  same. 

These  high  c.  p.  lamps  are  fitted  with  strong  brass  terminals, 
and  a  special  form  of  holder,  which  supports  the  lamp  at  the  neck, 
takes  the  strain  off  the  terminals,  and  can  be  readily  adapted  to 
any  form  of  fitting,  being  provided  with  a  screw  thread  of  standard 
pitch — usually  i  inch  male  gas  thread. 

The  following  table  supplied  by  the  makers  is  interesting  is 
showing  the  approximate  E.M.F.  and  current  required  for  the 
various  classes  of  Edison-Swan  lamps  : — 

I   candle-power  from  about  3  volts  &  *8  amperes  to  about  8  volts  &  *3  ampese 


^\ 

5 

1*4 

25 

•45 

5 

5 

3 

65 

•35 

8 

10 

2-8 

lao 

'3 

16 

15 

37 

x6o 

•4 

25 

40 

2*2 

lao 

•7 

3a 

50 

a'3 

Z20 

•9 

50 

50 

3  5 

xao 

x-4 

100 

50 

7 

zao 

a-9 

Micro   and  Minia- 
ture Lamps 

■ 

3 

•8 

8 

'3 

All  lamps  taking  less  than  *9  ampere  are  marked  at  4  mtts 
per  candle,  and  all  lamps  taking  more  than  *9  ampere  at  3*5  watti 
per  candle.  It  is  of  course  optional  for  consumers  to  run  the 
lamps  at  higher  efficiencies,  if  under  the  circumstances  they  000- 
sider  that  the  higher  efficiency  compensates  for  the  shorter  life. 
Assuming  an  efficiency  of  3*5  watts  per  candle,  it  follows  that  746 
watts,  or  one  electrical  horse-power,  expended  in  the  filaments  wtKiki 
produce  a  light  of  2 13  candle-power,  an  equivalent  to  that  of  thirteai 
16  candle-power  lamps.  But  the  power  developed  by  the  dynamo 
is  frittered  down  by  the  resistance  of  the  leads,  &c.,  so  that  in 
practice,  not  more  than  ten  16  candle-power  lamps  can  be  main- 
tained per  horse-power  generated. 

Lamps  are  sometimes  silvered  over  one  half  of  the  bulb  when 
the  light  is  required  to  be  reflected  in  one  direction  instead  of 
being  distributed  all  round.  But  in  this  case,  the  plane  of  the 
filament  should  always  be  placed  in  a  line  with  the  object  it  is 
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sought  to  illuminate,  as  the  light  obtained  from  the  lamp  is  always 
greater  in  that  direction  than  in  the  direction  at  right  angles  to 
the  plane  of  the  filament.  Artistic  effect  is  also  sought  by  colour- 
ing the  bulbs  to  suit  the  surroundings,  although  this  involves  a 
loss  of  light,  as  certain  of  the  rays  are  absorbed  by  the  glass,  the 
actual  percentage  so  lost  being  governed  by  the  particular  colour 
employed.  This  absorption  is  altogether  independent  of  the  loss 
caused  by  the  density  or  opacity  of  the  material. 

The  Edison-Swan  lamps  are  as  a  rule  only  made  for  parallel 
working,  that  is  to  say,  they  are  all  joined  across  the  same  ^ir  of 
leads  or  mains,  so  that  the  current  from  the  dynamo  or  other  source 
divides  between  the  various  filaments.  Of  course  it  is  possible  to 
join  two  or  more  lamps  in  series,  but  under  such  circumstances 
the  fracture  of  the  filament  in  one  lamp  involves  the  extinguishing 
of  the  other  lamp  or  lamps  in  series  with  it.  If,  therefore,  all  the 
lamps  in  a  circuit  were  joined  in  series,  the  failure  of  one  lamp 
would  result  in  a  total  disconnection  of  the  circuit.  The  parallel 
system  has  many  advantages.  There  is  no  risk  of  receiving 
a  serious  shock  on  touching  the  mains,  as  the  total  potential  dif- 
ference is  only  that  necessary  for  one  lamp,  which  rarely  exceeds 
100  volts  or  thereabouts.  If  one  of  the  branch  leads  should  be- 
come broken,  only  the  lamp  on  that  branch  will  be  thrown 
out  of  use.  The  means  available  for  connecting  the  lamp  to  the 
supply  wires  are  of  the  simplest  description.  The  insulation  of 
the  mains  is  a  matter  of  less  difficulty  than  with  high  potential 
circuits. 

On  the  other  hand,  the  cost  of  the  mains  in  a  large  installation 
is  very  considerable,  for  large  conductors  must  be  employed, 
otherwise  their  resistance  would  be  so  high  as  to  cause  a  serious 
waste  of  electrical  energy  in  overcoming  that  resistance.  It  needs 
also  to  be  added  that  the  maintenance  of  a  constant  potential 
difference  throughout  an  extensive  network  of  wires  is  a  matter 
of  some  difficulty,  a  difficulty  which  does  not  attend  series  working. 

The  best  lamp  yet  constructed  for  series  or  constant  current 
working  is  probably  that  of  Mr.  Alexander  Bernstein.  The 
filament  is  composed  of  a  slender  carbon  tube,  made  by  carbonis- 
ing a  silk  braid  of  fine  texture,  and  it  is  remarkable  that  the  fine 
threads  composing  the   braid  are   distinctly  discernible  in  the 
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finished  filament.  Fig.  277  illustrates  the  construction  of  the 
lamp  in  which  the  straight  carbon  tube  or  filament  a  is  suppond 
by  pieces  of  iron  wire  b  (5,,  thctr  lower  extremities  being  connected 
to  the  short  pieces  of  platinum  fused  through  the  bottom  of  the 
bulb.  These  wires,  bby,  are  bent  in  such  shape  as  to  almos 
touch  each  other  at  c.  They  are  also  fur- 
nished with  sleeves  of  insulating  matenii 
dd^,  connected  together  by  a  spiral  sjvii^f 
which  strives  to  draw  them  together,  hi 
long  as  the  carbon  is  intact,  its  rigidity  pre- 
vents contact  between  b  and  ^,  at  c,  but  a 
soon  as  a  flaw  in  the  carbon  appears  tk 
current  commences  to  destroy  it,  and  tk 
spring  e  gradually  draws  the  wires  togeiba, 
until  a.  perfect  contact  is  produced  at  a  and 
then  a  short-circuit  is  obtained  inside  ibc 
lamp.  It  will  thus  be  seen  that  this  is  aa 
excellent  device  for  series  working,  for  m 
the  extinction  of  one  lamp  by  the  fracture 
of  its  carbon,  the  circuit  for  the  other  lamps 
is  automatically  completed. 
In  a  form  of  lamp  now  being  introduced  the  spiral  sjmng  U 
dispensed  with,  a  portion  of  one  of  the  iron  wires  being  hammerisi 
out  flat,  and  a  slight  springiness  imparted  to  it  so  that  on  tbe 
carbon  being  broken  continuity  is  established  at  c. 

The  manufacture  of  the  bulbs  for 'loop' lamps  is  comparatitdi 
a  simple  matter,  but  with  lamps  having  a  rigid  rod  or  tube  sud: 
as  the  Bernstein,  the  case  is  very  ditferenL  This  will  be  etitki: 
when  it  is  observed  that  the  length  of  the  carbon  is  considerahlt 
greater  than  the  diameter  of  the  neck  of  the  bulb  ;  with  lltc 
ordinary  bulb,  the  insertion  of  the  mounted  carbon  would  be  1 
matter  of  impossibihty. 

The  method  of  making  the  Bernstein  bulb  is  very  ingenioQi 
Two  bulbs,^,  i/(fig.  278),  aie  first  blown  in  a  piece  of  glass  tubing 
b  c ;  the  end  b  is  (hen  broken  off,  and  the  bulb  e  being  heated  it  d 
worked  into  the  form  of  an  open  cylinder.  The  carbon  and  thecon 
necting  wires,  fixed  in  a  glass  stem,  are  then  introduced  through  the 
large  opening  thus  made,  this  opening  being  then  closed  so  llui 
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only  one  bulb  remains.    The  next  operation  is  to  weld  a  piece  of 
small  tubing  to  the  top  of  this  bulb,  after  which  the  small  tube  c 
at  the  bottom  is  broken  off,  and  the  stem  with  its  connecting  wires 
dropped  through  and  fused  into  position.     The  next       p^^,  ^jg_ 
performance  is  to  exhaust  the  lamp  by  way  of  the  little 
tube  fused  on  to  the  top,  and  that  being  completed, 
the  bulb  is  sealed  off  and  fixed  into  its  socket. 

In  order  to  prevent  the  interruption  of  the  circuit 
by  the  removal  of  a  lamp,  its  holder  is  constructed  in 
such  a  way  that  the  lamp  can  only  be  withdrawn  from 
it  if  a  short-circuit  has  been  made  in  the  holder  be- 
forehand ;  and,  furthermore,  as  this  short  circuit  can 
ohly  be  broken  after  the  lamp  has  been  placed  in 
position,  it  is  not  possible  to  disconnect  the  circuit  at 
the  holder. 

This  holder  is  shown  full-size  in  figs.  279  and  280.  A  plate  of 
insulating  material,  A,  serves  for  the  support  of  two  metal  sleeves, 
I  and  (',  which  are  made  suitable  for  the  reception  of  the  two 
square  pins,  g  and  g\  of  the  lamp  cap  (fig.  ili)-  Fo'  *«=  purpose 
of  obtaining  a  good  contact  between  the  pins  and  the  sleeves,  the 
outward  side  of  each  of  the  latter  is  fio.  r,<,. 

cut  avray  and  replaced  by  two  flat 
springs,  k  and  A*.  The  conducting 
wires  are  attached  to  the  lower  ends 
of  the  sleeves.  The  S-shaped  piecej 
IB,  which  can  be  turned  by  means 
of  an  external  handle,  serves  the 
purpose  of  making  a  short  circuit  in 
the  holder. 

In  fig,  a79  the  position  of  short 
circuit  is  indicated.  For  the  pur- 
pose of  obtaining  a  good  contact 
between  the  piece  m  and  the  metal 
sleeves  i  and  »',  the  latter  are  pro- 
vided with  two  other  flat  springs,  of 
which  the  one  on  the  left  side,  near  k,  is  bent  at  right  angles  at 
its  lower  end.  The  spring  near  A'  carries  at  its  lower  end  a  square 
pin,  which    prevents   the  turning  of  the  piece  «  in  the  other 
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direction.    The  8-piece  being  thus  fixed  the  circuit  cannot  be 
opened. 

But  if  a  lamp  is  placed  into  the  holder,  the  two  springs  we 
slightly  pressed  outwards,  and  the  square  pin  is  forced  out  of  ihe 
region  of  the  motion  of  m  ;  therefore  m  can  be  turned  into  the 
position  shown  in  fig.  280,  and  in  this  case  the  current  will  pass 


through  the  lamp.  It  will  be  ob- 
served that  the  lamp  cannot  be 
moved  out  of  the  holder  when  the 
current  is  turned  on,  because  ^ 
S-shaped  piece  m  prevents  tiie 
withdrawal  of  the  lamp-cap  by  en- 
gaging with  the  peculiarly -shaped 
pin,/ 

If  it  is  desired  to  remove  ibr 
lamp,  the  piece  m  must  first  be 
turned  in  the  short- circuiting  por- 
tion shown  in  fig.  279. 

The  electro -motive  force  re- 
quired by  the  lamp  ranges  from  t 
to  15  volts  according  to  the  lumi- 
nosity, which  usually  ranges  from  16 
to  50  candle-power.  The  noraul 
current  strength  required  is  10  am- 
peres. On  account  of  the  smaiJ 
mass  of  carbon  in  the  hollow  fila- 
'  ment,  these  lamps  are  very  efficieoL 
and  it  is  claimed  that  with  lamps 
of  from  31  to  50  candle-power,  the 

consumption  of  electrical  energy  is  at  the  rate  of  only  2-75  irans 

per  candle. 

Lamps  constructed  after  the  principle  of  the  Bernstein,  that  is 

to  say  for  constant  current,  can  also  be  joined  up  in  circuit  wah 

ordinaiy  arc  lamps,  which  is,  under  some  circumstances,  a  decided 

advantage. 

In  cases  where  an  arc  lamp  would  give,  at  times,  more  ti^i 

than  is  required  and  therefore  waste  energy,  but  where  total  darit- 

ness  is  undesirable,  the  Bernstein  lamp  is  useful,  as  it  can  be  jomed, 
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with  the  arc  lamp,  to  a  'three-way'  switch,  by  taming  which 
either  the  arc  or  the  incandescent  lamp  can  be  thrown  (n  circuit, 
the  current  required  for  each  being  about  the  same. 

When  an  ordinary  incandescent  lamp  is  used  on  a  high  poten- 
tial circuit,  a  fracture  of  the  filament  sets  up  a  small  arc,  which 
being  sustained  consumes  the  materials  of  the  lamp  and  a  discon- 
nection is  the  result. 

Mr.  Edison  in  his  '  Municipal '  lamp  has  taken  advantage  of 
this  feature  to  bring  into  circuit  automatically  a  short-circuiting 
piece  placed  in  the  collar  of  the  lamp.  It  is  highly  ingenious 
in  design,  and  appears  to  answer  when  the  fracture  of  the  filament 
takes  place  during  the  time  that  the  lamp  is  alight,  but  it  is  useless 
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when  the  fracture  takes  place 
during  the  day,  or  at  any  time 
■when  the  current  is  not  passing, 
the  E.M.F.  being  never  sufficient 
to  initiate  an  arc  Bernstein's 
plan  is,  under  such  circumstances, 
more  satisfactory,  although  even 
here  no  provision  is  made  against 
the  mischievous  stone-thrower  or 
against  any  violent  damage  which 
might  be  done  to  the  lamp. 
Accidents  do  happen  which  break 
the  bulb  and  bend  one  or  both 
of  the  iron  wire  supports  and  s 
(fig.  277)  being  effected. 

Mr.  A.  A.  Goldston  has,  however,  devised  a  cut-out  which  acts 


)  prevent  the  short-circuiting  at  c 
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promptly  when  the  breakage  is  caused  by  any  electrical  or  me- 
chanical means.  The  device  is  illustrated  in  fig.  281,  which  shows 
the  lamp,  and  an  enlarged  view  of  the  cut-out  The  leading-in 
wires,  s  s,  are  springy  pieces  of  platinum  and  are  connected  to 
thicker  pieces  of  iron  wire,  to  whose  lower  ends,  d  d,  the  carboo 
loop  is  attached.  Two  small  plates  of  German  silver,  a  a,  are 
rigidly  fixed  to  the  iron  wires ;  below  these  is  another  plate,  p, 
which  carries  a  porcelain  wedge,  w,  and  is  supported  by  a  spiral 
spring,  as  shown.  This  plate  has  two  slots,  o  o,  through  which 
the  iron  wires  pass  without  touching.  So  long  as  the  filament 
remains  intact,  it  presses  D  d  together  and  causes  the  wedge  to  be 
kept  down  by  the  pressure  of  a  a.  Should  the  filament  be 
damaged,  the  tension  at  d  d  is  released,  the  pressure  of  a  i 
removed,  and  the  spiral  spring  allowed  to  act  The  wedge  is 
then  pulled  up,  and  the  plate  p  placed  in  contact  with  a  a,  thus 
short-circuiting  the  lamp. 

There  is  another  lamp,  known  as  the  Cruto,  the  filament  of 
which  is  ingenious  in  construction  and  promised  at  one  time 
to  be  successful.  It  consists  of  a  fine  carbon  tube,  made  by 
depositing  carbon  from  an  atmosphere  of  coal-gas  or  other  hydro- 
carbon, upon  the  surface  of  a  platinum  wire,  which  is  heated  by 
an  electric  current  When  sufficient  carbon  has  been  deposited, 
the  current  strength  is  augmented  and  the  platinum  wire  fused 
out  more  or  less  perfectly. 

Incandescent  lamps  are  serviceable  in  a  variety  of  ways.  For 
domestic  lighting  they,  although  in  most  cases  in  England  some* 
what  more  expensive  than  gas,  know  no  equal  They  in  no  sense 
of  the  word  vitiate  the  air,  nor  do  they  consume  it ;  they  have 
very  little  effect  upon  the  temperature  of  a  room ;  they  are  not 
injurious  to  furniture,  books,  or  ceiling,  and  deposit  no  soot ;  they 
can  be  placed  in  curtains  or  other  combustible  materials  without 
entailing  any  risk  of  fire ;  they  are  independent  of  air  currents 
which  cause  flickering  in  any  lamp  where  gas  or  oil  is  burned; 
they  are  exceedingly  convenient  and  can  be  *  turned  on '  at 
any  moment  without  necessitating  the  use  of  a  match  ;  the  tap  or 
switch  for  turning  them  on  can  be  placed  in  any  convenient  posi- 
tion, such  as  on  a  door-post ;  and  the  lamps  are  incompetent  to 
cause  explosions,  because  the  filament  is  destroyed  immediately 
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the  bulb  is  broken.    On  the  other  hand,  they  consume  a  practically 
invariable  amount  of  en'ergy,  for  the  light  cannot  be  turned  down 
without  the  introduction  of  a  shunt,  or  of  resistance,  in  which  the 
energy  which  would  otherwise  be  developed  in  the  lamp  is  ex- 
pended.    They  are,  however,  bad  for  street  lighting  unless  of  high 
candle-power,  for  most  of  the  advantages  which  pertain  to  them 
when  used  in  a  house,  disappear  when  they  are  taken  into  the 
street.     The  public  look  for  a  brilliant  light  and  get  only  the 
equivalent  of  a  good  gas  jet,  and  have  to  pay  dearly  for  the 
luxury.     They  are  exceedingly  adaptable  to  the  lighting  of  railway 
carriages.     They  know  no  equal  for  ship-lighting,  their  usual  com- 
petitors in  such  cases  being  bad  oil  and  worse  lamps.     In  the  case 
of  passenger  steamers  expense  is  not  of  paramount  importance ; 
hence  it  is  not  to  be  wondered  at  that  in  this  work  incandescent 
electric  lighting  now  reigns  supreme.     Incandescent  lamps  should 
prove  of  inestimable  service  in  mines  and  in  the  bunkers  of  ships, 
where  the  chief  difficulties  to  be  contended  with  are  want  of  porta- 
bility and  the  risk  of  sparking  between  the  broken  ends  of  a  wire  or 
at  switch  contacts.     These  are  trifling  matters  which  must  soon  be 
conquered,  and  there  is  but  little  doubt,  that  before  long  the 
Davy  and  Geordie  *  safety '  lamps  will  be  relegated  to  historical 
museums.     There  is  a  scope  for  incandescent  lamps  for  the  use 
of  divers,  and  in  many  surgical  examinations  and  operations,  as 
well  as  for  the  microscope  and  the  optical  lantern. 

In  order  to  estimate  the  amount  of  light  emitted  by  any  lumi- 
nous source,  electric  or  otherwise,  a  large  number  of  *  photometers ' 
or  light-measurers  have  been  devised,  but  excellent  as  some  of 
these  may  be  in  theory,  they  have,  when  applied  practically,  two 
serious  defects.     Measurement  of  every  kind  requires  some  unit 
or  standard  with  which  to  compare  the  substance  or  force  it  is 
desired  to  measure;  and  it  is  pre-eminently  essential  that  this  unit 
or  standard  shall  be  fixed  and  invariable,  and  that  it  shall,  without 
very   much   trouble,   be   reproducible.      The  majority  of  units 
comply  more  or  less  with  these  requirements  ;  the  one  unit  which 
does  not,  which  is  never  fixed,  but  is  always  liable  to  variation,  is 
the  so-called  unit  of  light.     With  us  in  England,  the  official  unit 
is  the  *  candle-power,'  which  is  assumed  to  be  the  light  produced 
by  a  *  standard  candle '  weighing  six  to  the  pound  and  made  to 
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bum  1 20  grains  of  spermaceti  wax  per  hour.  The  length  of  the 
candle  varies  slightly  with  different  makers,  ranging  ftx)m  8|  to  9 
inches  measured  from  the  shoulder,  where  the  diameter  is  about 
o*8  in.,  the  diameter  at  the  bottom  increasing  to  0*85  or  0*9  in. 

In  practical  work  a  straight  candle  is  selected  and  cut  into  two 
equal  parts,  which  are  subsequently  used  together  on  a  short  bar 
placed  at  right  angles  with  the  scale-bar  of  the  photometer.  The 
two  flames  give  a  more  reliable,  or  better  average  result  than  a 
single  one.  Candles  are  lighted  ten  minutes  before  the  com- 
mencement of  testing  so  as  to  allow  them  to  arrive  at  their  nonml 
rate  of  burning,  which  is  shown  when  the  wicks  are  slightly  best 
over  and  the  tips  glowing.  In  fixing  them  in  position,  the  plane 
of  curvature  of  one  wick  should  be  at  right  angles  to  the  plane 
of  curvature  of  the  other.  If  the  candles  are  used  when  the 
wicks  are  straight  or  when  a  little  knob  or  rose  of  carbonised 
thread  has  formed  at  the  tip,  the  tests  will  give  erroneous  results. 

The  special  requirements  of  a  standard  flame  are  that  the 
combustible  must  be  of  known  and  definite  composition;  the 
conditions  of  burning  must  be  of  a  simple  and  definable  character, 
and  the  nature  of  the  combustible,  as  well  as  the  conditions  of 
burning,  must  be  such  that  atmospheric  changes  may  produce  a 
minimum  efflect  upon  the  light 

Now  white  spermaceti  has  a  melting  point  of  109**,  but  a  small 
quantity  (varying  from  four  to  five  per  cent. )  of  beeswax  with  a  melting 
point  of  140**  is  usually  added  in  order  to  prevent  the  crystallisation 
of  the  spermaceti.  The  spermaceti  itself  is  not  a  definite  chemicai 
substance,  its  constituents  varying  considerably,  whence  it  fails  to 
answer  the  first  requirement,  for  the  consequence  of  the  diflPerences 
in  the  proportions  of  the  natural  and  added  constituents  is  that 
small  variations  are  found  to  occur  in  the  melting  point 

The  number  and  size  of  the  threads  in  the  vrick,  its  chemical 
treatment,  the  closeness  of  the  plaiting  of  the  strands,  and  the 
degree  of  tightness  with  which  the  wick  is  stretched,  are  also 
conditions  which  aff"ect  the  light  of  a  sperm  candle,  yet  they 
are  all  left  undefined  by  the  Acts  of  Parliament ;  and,  in  practice, 
manufacturers  differ  in  regard  to  them. 

Even  were  the  candles  made  as  exactly  alike  as  possible  there 
are  other  conditions  of  variation  which  cannot  be  eliminated.    For 
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instance,  the  light  varies  from  moment  to  moment  as  the  wick 
bends  over,  as  the  knob  at  the  end  of  the  wick  accumulates  or 
bums  away,  and  as  the  cup  fills  or  empties  itself  of  melted  sperm. 

A  number  of  experiments  made  by  a  committee  appointed  by 
the  Board  of  Trade  showed  that  while  the  candles  from  a  single 
packet  gave  fairly  concordant  results,  the  average  obtained  by  ten 
experiments  with  one  packet  differed  as  much  as  15  percent,  from 
the  average  obtained  by  ten  experiments  with  another  packet.  In 
115  determinations  a  maximum  variation  was  found  between  two 
pairs  of  candles  of  227  per  cent,  in  illuminating  power.  All 
these  experiments  were  made  by  one  observer,  working  with  one 
apparatus  and  in  the  most  uniform  manner  possible. 
'  The  method  of  taking  the  average  of  three  consecutive  candle 
4eterminations  does  not  therefore  serve  to  eliminate  the  errors  of 
Ae  candle  standard,  for  the  candles  employed  may  be  taken  from 
a  packet  containing  candles  of  a  uniformly  high  or  a  uniformly  low 
ffluminating  power. 

Standard  candles  are  greatly  affected  by  slight  differences  of 
traatment,  so  that  a  candle  which  gives  a  certain  amount  of  light 
in  the  hands  of  one  operator,  may  give  a  widely  different  result 
when  used  by  a  second  operator. 

'  The  extreme  sensitiveness  of  standard  candles  to  differences  in 
treatment  is  shown  by  the  following  typical  experiment.  Four 
official  gas  examiners  tested  on  the  same  day  a  specially  stored 
sample  of  coal  gas.  They  used  the  same  photometer,  and  candles 
from  one  packet  selected  for  the  uniformity  of  the  candles  con- 
tained in  it.  The  mean  of  two  closely  agreeing  testings  by  one 
examiner  gave  the  illuminating  power  of  the  coal  gas  as  16*5  can- 
dles, while  the  mean  of  two  closely  agreeing  testings  by  another 
gave  the  illuminating  power  of  the  coal  gas  as  19  candles. 

Mr.  J.  W.  Dibdin  has  reported  very  adversely  upon  the  stan- 
dard candle.  He  found  on  one  day  that  the  average  of  the  tests 
with  candles  made  by  one  firm  (A)  showed  the  illuminating 
power  of  a  certain  gas  flame  to  be  equal  to  15*8  candles,  while 
candles  manufactured  by  another  firm  (B)  gave  a  value  of  14*9 
candles  ;  on  another  day  candles  A  gave  a  value  of  14*8  to  a  con- 
stant gas  flame  ;  while  candles  B  gave  a  value  of  only  12-9. 

It  can  therefore  be  readily  conceived  that  a  total  variation  of 
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lo  per  cent  is  almost  a  normal  result,  while  far  greater  difrerenc& 
are  of  common  occurrence. 

Another  cause  of  unreliability  under  certain  conditions,  is,  that 
when  the  temperature  of  the  testing  room  rises  above  the  normal 
the  candles  invariably  give  discordant  results,  sometimes  indicating 
over  25  per  cent,  more  than  the  known  value  of  the  comparis(3i 
flame.  The  principal  cause  of  variation  is,  however,  the  varying 
form  and  variable  structure  of  the  wick,  which  at  one  time  \Qt 
eighteen  threads  in  each  of  its  three  strands,  while  at  the  pre- 
sent time  the  number  has  increased  to  twenty-one  and  twenty -three. 
Various  improvements  have  been  effected  in  the  processes  for 
*  drying '  the  spermaceti,  or  freeing  it  from  oil,  and  the  drier  sper- 
maceti now  manufactured  seems  to  require  a  wick  containing  moic 
threads  of  cotton  to  raise  it  in  the  melted  form  and  cause  its  com 
bustion  at  the  required  rate  of  120  grains  per  hour.  But  candles 
with  thick  wicks  give  less  light  than  those  whose  wicks  are  thinner. 
Thus  the  effect  of  the  improvement  in  the  manufacture  of  spermaceti 
has  been  that  standard  candles  give  less  light  now  than  they  gave  ten 
years  ago,  and  probably  still  less  than  they  gave  at  an  earlier  date, 
when  the  average  consumption  of  candles  of  six  to  the  pound  iiras 
140  grains  per  hour. 

A  further  very  apparent  objection  is  that  the  illuminating  power 
is  subject  to  fluctuations  from  minute  to  minute,  owing  to  varia- 
tions in  the  length  and  form  of  the  wick,  and  to  the  filling  and 
emptying  of  the  cup  of  the  candle,  according  to  the  movements 
of  the  surrounding  air. 

Sufficient  has  been  said  to  make  manifest  the  imperfections 
of  the  spermaceti  candle  as  a  standard. 

One  of  the  sources  of  error,  viz.,  the  irregular  consumption  of 
the  spermaceti,  can  be  to  some  extent  allowed  for  by  weighing  the 
candle  before  and  after  the  tests  are  made,  the  time  of  burning  being 
also  noted.  If  the  consumption  has  not  been  at  the  exact  rate  of 
120  grains  per  hour,  the  light  emitted  should  be  deemed  propor- 
tionately different  in  intensity,  and  the  measured  intensity'  of  the 
light  as  observed  by  the  photometer,  should  be  accordingly 
increased  or  diminished  in  the  same  proportion  by  a  simple  nib 
of  three  calculation.  Thus  if  a  lamp  has  been  measured  by  the 
apparatus  as  giving  a  light  of  17*6  candles,  but  the  candles  have 
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been  burning  at  an  average  rate  of  ii6  instead  of  120  grains,  it 
follows  that  120  :  116::  17*6  :  jic=  17-01.  A  delicate  balance  is 
supplied  with  the  better  class  of  photometers,  by  means  of  which 
the  rate  of  consumption  can  be  readily  ascertained. 

In  Germany  a  standard  paraffin  candle  is  employed,  but  no 
better  value  can  be  attached  to  it  than  to  the  spermaceti  candle. 

The  French  sometimes  use  a  stearine  candle  as  a  standard, 
but  the  actual  French  official  standard  is  the  *  Carcel '  lamp,  in 
which  purified  colza  oil  is  consumed  at  the  rate  of  42  grammes 
per  hour,  and  in  which,  of  course,  a  wick  is  employed.  The 
wick  is  cylindrical  in  shape  and  gives,  therefore,  an  '  Argand '  flame. 
It  should  be  woven  with  75  strands  and  weigh  3 '6  grammes  per 
decimetre  of  length.  The  chimney  is  29  centimetres  in  height,  its 
diameter  being  contracted  at  a  short  distance  above  the  wick,  from 
47  to  34  millimetres.  A  good  white  light  is  produced,  but  from 
what  has  been  said  when  discussing  candles  it  will  be  evident, 
that  for  making  exact  tests,  extreme  care  must  be  exercised  in  the 
manufacture  and  use  of  the  lamp,  and  the  combustibles.  The 
chemical  composition  of  the  oil  is  liable  to  variation,  and  the  simple 
fact  that  a  wick  is  employed  opens  the  way  to  a  host  of  irregu* 
larities.  It  is,  however,  less  afl^ected  by  air-currents,  &c.,  and  is 
preferable  to  a  candle.  The  standard  Carcel  is  computed  to  be 
equal  to  about  9*5  standard  spermaceti  candles. 

Several  other  attempts  have  been  made  to  provide  an  efficient 
substitute  for  the  standard  candle,  among  others  the  lamp  of  Mr. 
Keates,  in  which  sperm  oil  constitutes  the  fuel.  This,  however, 
involves  the  use  of  a  wick,  and  the  only  suggested  substitutes  which 
may  now  be  said  to  remain  in  the  lists  are  the  Methven  screen 
and  the  Harcourt  air-gas  flame. 

The  '  screen '  invented  by  Mr.  John  Methven  is  an  exceedingly 
simple  piece  of  apparatus.  The  instrument  as  now  constructed 
by  Messrs.  Wright  &  Co.  of  Westminster  is  illustrated  in  fig.  282, 
and  consists  of  an  upright  rectangular  metallic  plate  or  screen, 
having  attached  to  its  lower  edge  a  horizontal  flange  or  bracket, 
which  supports  a  standard  London  Argand  burner.  This  burner 
is  supplied  with  gas  through  a  plug  or  nosepiece  projecting  down- 
wards below  the  flange.  In  the  screen,  above  the  level  of  the 
burner,  there  is  a  hole  or  slot  which  is  covered  by  a  thin  silver 
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plate,  having  a  small  vertical  slot  of  such  dimensions  as  loalk* 

of  the  passage  of  just  as  much   light  as  equals  that  afTordri  bf 
Ftc.  rf*  two  average  standard  sfa 

candles,  when  the  gas  at 
sumed  is  suffideni  to  yidJi 
flame  three  inches  in  he^ 
It  will  be  seen  from  theiipE 
that  a  glass  chimney  iis- 
ployed  ;  it  measures  6  iide 
high  by  2  inches  in  diaiMi 
the  supply  of  gas  ntax'. 
I  to  produce  the  required  flat 
being  controlled  byaQ|l> 
in  the  better  class  rf  insas- 
ment  by  a  micrometer  ced 
capable  of  very  fine  adjua- 
ment.  The  two  homoffll 
wires  attached  to  the  hd 
of  the  screen,  one  on  v^ 
side  of  the  chimney,  K 
placed  at  the  reqtiisiufr 
tance  above  the  burner,  d 
serve  the  purpose  ofd«B- 
mining  when  the  pfncnt«ii 
flame  length  has  been  At- 
tained. The  apparams  9 
sometimes  used  «iih  ^ 
richer  pentane  vapour «  * 
illuminant(referencetoitiJ  ' 
will  be  made  presentlyt  > 
such  cases  a  second  s^' : 
plate  and  slot  is  proTide<i  ' 
reduced  dimensions,  and  B-; 
nished  with  a  pair  of  W- 
zonta!  wires  2^  inches  ^ 

the  burner,  to  which  height  the  flame  must  be  adjusted. 

The  Methven  screen  has  the  advantage  that  it  forms  a  reJa* 

and  practical  standard,  easy  to  manipulate  and  not  likely  ^^ 
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out  of  order.  Its  simplicity  of  construction  as  well  as  of  manipu- 
lation is  self-evident,  and  its  suitability  for  the  required  object  has 
been  demonstrated  by  Mr.  F.  W.  Hartley,  who  made  a  number  of 
lengthy  series  of  tests  with  the  apparatus,  using  slots  of  various 
dimensions.  In  one  set  of  tests  he  found  that  with  a  5  cubic  feet 
per  hour  flame,  of  common  coal  gas  of  i4'02  candle-power,  the 
difference  in  the  photometric  readings  between  a  3-inch  Argand 
flame  from  the  same  gas  and  from  cannel  gas  of  35*37  candle 
power,  was  only  07  per  cent.  These  experiments  tend  to  show 
that  it  is  rather  the  height  of  the  flame  than  the  quality  of  the  gas 
consumed  which  determines  the  luminosity,  and  this  is  a  most 
important  point,  for  it  renders  the  standard  virtually  independent 
of  any  ordinary  variations  in  the  composition  and  lighting  pro- 
perties of  the  gas.  A  series  of  experiments  was  next  made  with 
standard  candles  which  were  employed  to  measure  the  light 
emitted  by  the  common  gas ;  the  readings  ranged  from  13*24  to 
14*588  candle-power,  showing  a  difference  of  1*348  candles,  or 
10' 1 1  per  cent.  As  these  tests  were  made  with  gas  supplied  from 
the  same  holder,  the  result  simply  re-proves  the  utter  unreliability 
of  the  standard  candle.  On  the  other  hand,  when  the  Methven 
screen  was  employed,  the  two  kinds  of  gas  being  consumed  in 
turn,  the  extreme  difference  was  0*83  per  cent.,  and  the  mean 
difference  0*3  per  cent.  only. 

While  it  is  of  course  necessary  that  the  height  ot  the  flame 
should  be  carefully  adjusted,  it  is  an  important  feature  that  the  read- 
ings are  not  perceptibly  affected  by  a  variation  of  about  one-tenth 
of  an  inch  on  either  side  of  the  prescribed  height.  The  top  of 
the  flame  should  be  as  regular  as  possible,  the  burner  of  the  best 
manufacture,  and  the  chimney  and  screen  scrupulously  clean.  As, 
however,  it  rarely  happens  that  the  top  of  the  flame  is  absolutely 
regular,  it  is  usual  to  so  adjust  the  height  that  the  extreme  points  ex- 
tend about  one-eighth  of  an  inch  above  the  horizontal  wires.  There 
is  one  other  precaution,  and  that  is,  that  the  instrument  should  be 
allowed  to  get  '  hot,'  so  as  to  arrive  at  the  normal  condition,  before 
any  reading  is  taken  on  the  photometer.  If  this  is  neglected, 
erroneous  results  are  almost  inevitable,  as  the  proportion  of  energy 
absorbed  in  heating  the  apparatus  will  be  a  varying  quantity. 
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However,  this  only  entails  a  delay  of  about  five  minutes  after  Ae 
gas  is  lighted. 

It  is  scarcely  to  be  wondered  at  that  a  standard  so  neark 
approaching  perfect  uniformity  in  its  indications,  and  so  simple 
in  construction  and  manipulation,  should  have  found  considenhk 
favour  in  the  electrical  industries,  where  it  is  almost  exdtisivdr 
employed.  To  put  the  matter  in  a  few  words,  it  is  a  pracdol 
piece  of  apparatus.  As  Parliament  has  not  yet  prescribed  aar 
particular  luminosity  for  electric  lamps,  manufacturers  of  electro! 
apparatus,  and  those  supplying  electricity,  are  not,  like  gas  cob- 
panics,  tied  down  to  the  sperm  candle.  Mr.  Dibdin  says  that  *d!e 
adjustment  of  the  height  of  the  Methven  flame  is  a  matter  of  too 
little  certainty,  and  lends  itself  to  variations  of  readings  in  the 
hands  of  a  biassed  or  careless  operator.*  Granting,  however,  tbat 
there  may  be  some  slight  trouble  in  properly  adjusting  the  flame, 
it  is  not  a  matter  of  great  difficulty,  and  the  Methven  standaid  s 
hardly  likely  to  suffer  more  than  any  other  from  careless  manipc- 
lation.  Mr.  Dibdin,  however,  says  when  dealing  with  the  pentane 
standard. that  'the  adjustment  of  the  height  of  the  flame  is  1 
matter  of  certainty.'  He  also  urges  that  the  employment  of  * 
chimney  (by  Mr.  Methven)  is  a  serious  disadvantage,  as  the  por- 
tion of  glass  exposed  to  the  slot  acts  as  a  lens,  and  thercte 
affects  the  results.  The  objection  is,  however,  hardly  £ur  hat 
for  the  width  of  the  strip  of  glass  involved  is  so  very  small  (J  in-) 
that  it  presents  practically  a  plane  surface. 

In  the  standard  suggested  by  Mr.  A.  Vernon  Harcourt,  nd 
known  as  the  ahr-gas  or  pentane  standard,  the  combustible  CC' 
ployed  consists  of  a  mixture  of  air  with  that  portion  of  Amerka: 
petroleum  which,  afler  repeated  rectifications,  distils  at  a  tempo- 
ture  not  exceeding  50°  C.  This  liquid  consists  almost  entirff 
of  pentane,  its  specific  gravity  at  15®  C.  ranging  from  o"628  isi 
o'63i. 

To  prepare  the  gas,  Mr.  Harcourt  draws  into  the  gashote 
the  required  volume  of  air,  chosen  according  to  the  capadtrflf 
the  holder,  and  corrected  for  pressure,  temperature,  and  tens* 
of  aqueous  vapour  ;  then  the  corresponding  proportion  of  penia* 
is  poured  into  the  gasholder  from  a  measuring-flask  or  pij 
The  proportion  maintained  between  the  air  and  the  pentam^ 
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one  cubic  foot  of  air  to  three  cubic  inches  of  pentane,  measuring 
the  liquid  at  or  near  60''  Fahr. ;  or,  measuring  both  as  gases,  20 
volumes  of  air  to  7  of  pentane. 

When  the  pentane  is  poured  upon  the  water  in  the  gasholder 
mth  about  thrice  its  vapour-volume  of  air  above,  it  volatilises 
rapidly  and  completely.  A  few  minutes  are  suflScient  for  the 
volatilisation  of  the  liquid,  and  a  few  hours  suffice  for  perfect 
difiiision. 

The  opening  in  the  burner  has  a  diameter  of  a  quarter  of  an 
inch,  and  is  at  the  top  of  a  cylindrical  tube  one  inch  in  diameter  and 
four  inches  long,  the  thickness  of  the  disc  forming  the  mouthpiece 
at  the  top  of  the  tube  being  half  an  inch.  With  a  burner  of  these 
dimensions  the  mixture  of  air  and  pentane  gas  yields  as  nearly  as 
possible  a  flame  2^  inches  in  height,  when  the  rate  of  consump- 
tion is  0*5  cubic  foot  per  hour. 

The  adjustment  of  the  pentane  flame  to  give  the  unit  light 
(equal  to  the  mean  of  a  long  series  of  tests  with  standard  candles), 
may  be  based  upon  the  observations  either  of  \t&  height  or  of  the 
rate  of  consumption,  and  may  be  effected  either  by  adjusting  the 
height  of  the  flame  till  the  tip  of  it  touches,  without  passing,  a 
horizontal  platinum  wire  stretched  over  the  burner  at  the  desired 
height,  or  by  adjusting  the  rate  at  which  the  pentane  gas  passes 
through  a  delicate  meter.  Experience  of  the  two  modes  of  adjust* 
ment  has  shown  that  it  is  both  easier  and  more  accurate  to  trust 
to  the  setting  of  the  height  of  the  flame,  and  to  use  the  rate  of 
consumption  as  a  control  only,  without  taking  it  into  account  in 
reckoning  the  illuminative  value  of  the  gas  tested. 

No  material  variation  in  the  light  given  by  the  standard  flame 
occurs  when,  the  height  of  the  flame  having  been  adjusted  accu- 
rately to  2^  inches,  the  observed  rate  of  consumption  does  not 
exceed  0*52  or  fall  short  of  0*48  cubic  foot  per  hour.  As  a  rule, 
the  rate  only  varies  within  the  narrower  limits  of  0*5 1  and  o'49. 

A  series  of  experiments  performed  to  ascertain  the  effect  of 
variations  in  the  proportion  of  air  and  pentane,  demonstrated  that 
an  error  or  variation  of  7  per  cent,  in  the  ratio  of  air  to  pentane 
causes  a  variation  of  5  per  cent,  in  the  rate  at  which  pentane  gas 
needs  to  be  passed  through  the  meter  to  maintain  a  2^ -inch  flame, 
and  a  difference  of  only  2  per  cent,  or  -03  candle,  in  the  illumi^ 
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native  value  assigned  to  the  gas  tested  by  comparison  with  ii 
But  an  error  of  even  half  this  amount  is  rarely  obtained  in  d« 
actual  preparation  of  pentane  gas. 

It  is  remarkable  that  only  in  37  out  of  468  testings,  doestbe 
result  of  one  testing  differ  from  the  mean  result  of  the  set  of  liiica 
it  fonns  a  part,  by  as  much  as  0*2  candle. 

Tests  were  made  with  a  variable  height  of  flame,  and  the  arei^ 
of  ten  observations  made  at  the  rate  of  one  a  minute,  shoved  tioi 
with 

Height  of  flame  in  inches    •    •     2^  2^  2^ 

The  corresponding  illuminating 

power  was 99'2S         ^o^         i«>75 

Other  experiments  demonstrated  that  the  illuminating  ponr 
of  the  air-gas  is  but  little  affected  by  variations  in  the  tempetadL't; 
of  the  room. 

Mr.  Dibdin  is  favourably  impressed  with  the  pentane  standard 
and  in  a  report  to  the  Board  of  Works,  he  recommended  its  eaiij 
adoption. 

Similarly  the  British  Association  Committee  considered  it  to 
be  reliable  and  convenient,  fulfilling  the  conditions  required  m  a 
standard  of  light,  and  they  likewise  urge  the  rejection  of  the  ftr- 
liamentary  candle  as  a  standard  of  light,  and  the  adoption  of  tt, 
pentane  standard. 

Mr.  Harcourt  has  designed  two  or  three  portable  pentaoe 
lamps,  the  latest  and  most  convenient  being  that  shown  in  fig.  i^l- 
In  this  case  a  wick  is  used,  fitting  loosely  and  moving  freely  -^t^ 
a  tube  which  conducts  heat  downwards  from  the  flame  above,  90 
as  to  give  rise  by  evaporation  to  a  quantity  of  pentane  vapours^'* 
ficient  to  feed  the  flame,  without  the  top  of  the  wick  bdng  e»e 
exposed  to  a  temperature  as  high  as  that  of  boiling  water. 

The  lamp  (fig.  283)  consists  of  a  glass  reservoir,  with  tubnlst 
and  stopper,  of  the  form  and  size  of  a  spirit  lamp,  mounted  00  a 
metal  stand  which  rests  on  three  levelling  screws.  The  wick  can  be 
turned  up  and  down  in  the  usual  manner  by  means  of  a  doob^ 
toothed  wheel,  the  spindle  of  which  fits  air-tight  into  the  is^ 
which  suppoits  it.  The  lower  end  of  the  wick  (which  is  round  aad 
rather  less  than  \  inch  diameter)  lies  in  the  reservoir  ;  the  upper 
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end  is  in  a  brass  tube,  about  five  inches  in  length,  In  vhich  it  can 
move  up  and  down  freely.  The  upper  part  of  the  tube  is  sur- 
rounded by  a  wider  tube,  about 
four  inches  in  length  and  one  inch 
in  diameter ;  and  the  two  tubes 
being  joined  together  above  and 
below  by  t!at  plates  constitute  the 
burner  of  the  lamp.  Around  the 
burner  is  another  cylinder  open  at 
both  ends,  of  about  two  inches 
diameter,  surmounted  at  the  level 
of  the  top  of  the  burner  by  a 
cmiical  piece,  terminating  in  a 
short  tube  whose  diameter  and 
length  are  about  j  of  an  inch. 
Over  this  outer  casing  is  a  similar 
piece  inverted,  with  the  smaller 
tube  below  and  the  larger  above. 
This  second  piece  is  connected 
with  the  first,  the  two  being  at- 
tached by  two  semicircular  bands, 
SO  that  the  ends  of  the  smaller 
tubes  may  be  set  at  difTerent  dis- 
tances apart,  according  to  the 
amount  of  light  which  it  is  desired 
to  obtain  from  the  lamp.  Through 
opposite  sides  of  the  upper  tube, 
and  above  the  ends  of  the  connect- 
ing bands,  are  cut  two  narrow  slots 
about  I  of  an  inch  in  width,  and 
^  an  inch  in  height.  These  are 
placed  at  such  a  height  that  when- 
ever the  tip  of  the  flame  is  visible 
between  them  the  light  emitted  is 
definite  and  constant.  The  adjust- 
ment of  the  light,  which  may  be  set 
at  either  half  a  candle,  one  candle,  or  a  candle  and  a  half,  is 
effected  by  means  of  cylindrical  brass  blocks  whose  length  has 
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been  very  carefully  adjusted  once  for  all.  One  of  these  blocb 
is  placed  upon  the  lower  tube,  and  the  upper  tube  is  lowered 
until  it  presses  gently  against  the  block;  the  screws  which  fii 
the  connecting  bands  are  then  tightened,  and  the  block  is  with- 
drawn. Since  the  blocks  are  made  of  the  same  diameter  as  the 
tubes  between  which  they  are  placed,  they  serve  for  setting  thee 
tubes  truly  on  the  same  axis,  as  well  as  at  the  right  interval  a|»rL 

The  point,  or  rather  the  horizontal  ring,  from  the  nearest 
point  of  which  measurements  are  to  be  made  when  the  flame  d 
the  lamp  is  used  as  a  photometric  standard,  is  midway  beiweeo 
the  tubes  which  surround  the  flame,  and  at  a  distance  of  half  the 
radius  of  these  tubes  from  their  axis,  which  is  also  the  axis  of  the 
flame.  This  position  is  defined  to  the  eye  by  giving  to  ibe 
curved  connecting  bands  half  the  width  of  the  tubes.  The  zoo 
of  the  photometric  scale  lies  in  the  plane  which  passes  throi^ 
the  edges,  on  either  side,  of  the  connecting  bands.  To  mark 
this  plane  by  a  solid  surface,  a  rectangular  strip  of  brass  is  pro- 
vided, which  can  be  fitted  on  one  side  into  the  centre  of  the 
edges  of  the  connecting  bands.  A  small  plumb-line  is  also  |ho- 
vided,  by  means  of  which  the  lamp  can  be  set  truly  vertical,  aaf 
a  small  mirror  by  means  of  which  the  photometrist  can  observe 
without  changing  his  position  whether  the  top  of  the  flame  is 
between  the  slots  in  the  side  of  the  chimney.  The  tests  to  whiA 
the  lamp  has. been  subjected  demonstrate  that  it  is  fractionally  less 
efficient  than  the  pentane  standard. 

The  ^  battle  of  the  standards,'  as  already  mentioned,  is  coniiDed 
to  the  types  invented  by  Mr.  Methven  and  Mr.  Harcourt  respec- 
tively. It  is  possible  that  the  latter  is  slightiy  more  accurate  than 
the  other,  but  it  is  less  convenient,  and  is  for  that  reason  ^ 
rarely  adopted  in  practice,  while  the  Methven  screen  is  very  a- 
tensively  used  by  gas  as  well  as  electrical  engineers.  The  Meth^ea 
screen  is  always  ready,  and  measurements  can  be  taken  within  i 
very  few  minutes  of  lighting  the  gas.  On  the  other  hand,  the 
amount  of  heat  evolved  by  the  pentane  flame  is  so  small  that  a 
considerable  time  elapses  before  the  burner  has  assumed  its 
maximum  temperature,  or  attained  the  normal  rate  of  burning. 
Careful  manipulation  and  experience  are  necessary  in  the  pro- 
cess of  manufacturing  the  pentane,  an  operation  which  of  course 
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takes  time  to  perform,  and  which  would  therefore  frequently  pre- 
clude its  use. 

Under  the  circumstances  it  is  perhaps  as  well  that  our  laws 
change  but  slowly,  and  that  the  legal  substitute  for  the  universally 
condemned-  sperm  candle  has  not  yet  been  determined. 

Supposing  an  absolutely  reliable  and  permanent  unit  of  lumi* 
nosity  to  be  available,  we  are  still  confronted  by  the  second  diffi- 
culty, viz.,  the  want  of  a  means  of  accurate  measurement.  Prac- 
tical* photometers- are  one  and  all  simple  comparison  instruments, 
the  light  emitted  by  the  standard  and  the  source  under  test  being 
compared  simultaneously,  and  these  comparisons  must  perforce 
be  made  by  the  eye.  Unfortunately  that  organ  is  an  untrust- 
worthy piece  of  scientific  apparatus  and  incapable  of  accurate 
discrimination. '  Its  sensitiveness  also  varies  considerably  with  the 
individual,  so  that  the  whole  of  any  series  of  tests  should  be  taken 
by  the  same  experimenter,  although  even  then  there  is  some  risk 
of  personal  error.  Of  course  this  difficulty  is  in  some  measure 
overcome  by  continued  practice  and  attention. 

All  practical  photometers  are  based  upon  the  fundamental  law 
that  the  intensity  of  illumination  on  a  given  surface  varies  in- 
versely as  the  square  of  its  distance  from  the  source  of  light ;  and 
upon  the  fact  that  the  distances  of  two  independent  sources  of 
light  can  be  so  adjusted  that  their  illumination  of  the  given  surface 
is  equal.  Then  by  measuring  these  distances  the  relative  illumi- 
nating powers  can  be  calculated. 

The  fundamental  principle  of  the  Rumford  or  *  shadow* 
photometer  can  perhaps  be  best  illustrated  by  means  of  simple 
familiar  apparatus  such  as  that  in  fig.  284. 

It  consists  of  an  upright  ground-glass  screen  having  fixed 
in  front  of  it  a  small  vertical  rod.  The  standard  light — in  this 
case  a  candle — is  placed  at  such  a  distance  as  to  project  a  shadow 
of  the  rod  upon  the  screen.  The  lamp,  or  other  source,  to  be 
tested,  is  then  brought  into  position  so  as  to  throw  a  second 
shadow  close  to  that  from  the  candle,  and  the  exact  position  of 
the  lamp  so  adjusted  that  the  intensities  of  the  shadows  are  as 
nearly  alike  as  the  observer  can  tell.  The  distances  of  the  candle 
and  the  lamp  from  the  ground-glass  screen  are  then  carefully 
measured  and  the  comparative  luminosities  deduced  from  the 
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law  of  inverse  squares.  For  example,  suppose  the  distance  (rf  the 
candle  to  be  i  z  inches,  and  that  of  the  lamp  %\  feet  when  the 
shadows  are  equal,  then  the  luminosity  is  i ' :  j^*,  that  is  to  sajr,  the 
light  emitted  by  the  lamp  is  j  t\  times  as  strong  as  that  from  the 
candle,  and  it  may  be  called  a  1 2^  candle-power  lamp.  The  com- 
parative sensitiveness  of  the  observer  can  be  roughly  estimated  br 
moving  the  lamp  to  and  fro  for  some  distance,  when,  unless  he 
is  a  professional  photometrist,  he  will  probably  find  that  it  b  a 
very  easy  matter  for  the  personal  error  to  exceed  lo  per  cent 


The  principle  underlying  this  instrument  is  simple,  for  it  is 
evident  that  the  shadow  cast  by  the  lamp  is  illuminated  by  ttu 
candle,  while  that  cast  by  the  candle  is  illuminated  by  the  lamp, 
so  that,  if  both  shadows  are  reduced  to  the  same  degree  of  intea- 
sity,  it  can  only  be  due  to  the  eflect  of  equal  luminosities  upoa 
the  surfece  of  the  screen  derived  from  the  two  sources. 

The  Bunsen  or,  as  it  is  often  called,  the  grease-spot  photo- 
meter is,  especially  for  the  beginner,  an  instrument  by  which  more 
accurate  results  can  be  obtained ;  and  it  is  the  one  most  frequenuy 
employed.  The  principle  of  the  apparatus  is  shown  in  fig.  185. 
A  small  screen  of  somewhat  opaque  paper  is  stretched  on  » 
metallic  ring,  which  is  mounted  on  a  stand,  mo^-able  along  i 
graduated  scale.  In  the  earlier  forms  of  this  instrument,  a  senu- 
iransparent  grease  spot  was  made  in  the  centre  of  the  disc  by 
means  of  a  little  spermaceti  dissolved  in  naphtha,  but  in  the 
modem  practical  instrument,  the  whole  of  the  paper,  with  the 
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exception  of  a  small  central  patch,  is  so  saturated.  To  make  an 
efficient  screen  is  a  matter  of  some  difficulty,  there  being  a  parti* 
cular  thickness  of  spermaceti,  which  with  each  experimenter  gives 
the  best  results. 

The  standard  candle  is  fixed  at  one  end  of  the  scale,  and  the 
gas  jet,  or  lamp  (the  luminosity  of  which  is  to  be  measured),  at  the 
other  end  of  the  scale,  which  should  for  convenience  be  divided 

Fig.  985. 


into  100  or  some  multiple  of  10  equal  parts.  The  two  luminants 
should  be  placed  at  such  a  height,  that  their  centres  are  in  a  line 
with  the  centre  of  the  screen,  which  can  then  be  moved  along 
the  scale  until  the  spot  becomes  invisible,  and  the  whole  of  the 
surface  appears  to  be  uniformly  lighted  j  or  the  screen  and  standard 
candle  can  be  fixed,  and  the  lamp  under  test  moved  along  the 
scale  to  the  required  point 

The  bottom  of  the  stand  carrying  the  screen  (or  lamp)  should 
also  be  furnished  with  an  index,  and,  the  exact  position  of  this  index 
on  the  scale  being  noted,  the  relative  distances  of  the  two  illumi- 
nants  from  the  screen  can  be  easily  ascertained.  Their  luminosi- 
ties can  then  be  calculated  by  squaring  these  distances.  The 
principle  of  this  instrument  is  likewise  simple.  If  a  single  light 
is  held  in  front  of  the  screen,  the  greased  paper,  which  allows  a 
portion  of  the  light  falling  upon  it  to  be  transmitted  through  it, 
appears,  when  viewed  from  that  side  on  which  the  light  is  placed, 
to  be  darker  than  the  ungreased  portion,  which  reflects  liberally 
the  rays  falling  upon  it.  If,  on  the  other  hand,  the  light  is  placed 
behind  the  screen,  the  grease  spot  or  ring  appears  as  a  com- 
paratively bright  surface  upon  a  dark  ground,  owing  to  the  fact 
that  the  greased  paper  transmits  a  large  portion  of  the  light  falling 
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upon  it,  while  the  other  part  of  the  screen  transmits  scarcely  any 
of  the  rays.  When,  therefore,  the  position  of  the  screen  between 
two  sources  of  light  is  adjusted  until  the  whole  of  the  screen 
appears  to  be  equally  lighted,  the  two  sides  will  be  equally  illumi* 
nated,  the  light  transmitted  by  the  greased  paper  being  equal  to 
that  reflected  from  the  ungreased  paper.  As  a  matter  of  fact,  the 
grease  spot  is  never  capable  of  transmitting  the  whole  of  the  light 
falling  upon  it,  neither  is  the  ungreased  paper  a  perfect  reflector 
nor  absolutely  opaque. 

A  beam  of  light  falling  upon  a  body  is  liable  to  be  affected  in 
three  different  ways;  the  rays  may  be  transmitted,  reflected,  or 
absorbed.     Bodies  are  called  transparent  when  they  transmit  a 
large  proportion  of  the  rays,  but  all  substances  behave  more  or  less 
as  reflectors,  for  it  is  only  by  reflected  light  that  non-luminous 
bodies  become  at  all  visible.     All  substances  also>  including  even 
the  best  reflectors,  absorb  some  of  the  rays,  so  that  when  a  reflector 
is  introduced  into  the  measuring  apparatus,  some  difficulty  is  ex- 
perienced in  estimating  the  amount  of  light     Profiessors  Ayrton 
and  Perry  have  invented  a  photometer,  which,  like  their  other  pro- 
ductions, has  a  good  scientific  basis,  and  has  been  well  considered 
in  all  its  details.     It  was  designed  especially  for  electric  lighting, 
and  at  a  time  when  there  was  a  great  deniand  for  means  to  mea- 
sure the  light  from  an  arc  lamp.     It  is  based  on  the  '  shadow ' 
principle,  but  instead  of  moving  the  lamp  away  to  a  considerable 
distance  in  order  to  compare  its  light  with  that  of  the  much 
feebler  standard,  a  concave  lens  is  employed,  having  the  effect 
of  scattering  or  dispersing  the  luminous  rays,  and  projecting 
only  a  few  of  them  upon  the  scale,  whence  it  is  known  as  a 
•  Dispersion '  photometer.      As  the  proportion  thus  utilised  in 
casting  the  shadow  can  be  readily  determined,  depending  as  it 
does  upon  the  curvature  and  absorbing  power  of  the  glass,  the 
direct  result  simply  requires  to  be  multiplied  by  a  given  constant 
to  determine  the  relative  luminosities.    A  plane  mirror  is  em- 
ployed to  direct  the  rays  upon  the  lens,  the  plane  of  the  mirror 
being  always  adjusted  to  an  angle  of  45°  with  the  incident  beam 
so  as  to  avoid  the  introduction  of  errors  due  to  varying  degrees 
of  absoq-Jtion  for  different  angles  of  reflection.     The  mirror  like- 
wise carries  a  pointer  moving  over  a  graduated  arc,  by  means  of 
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which  the  inclination  of  the  incident  beam  to  the  horizontal  can 
be  indicated. 

This  instrument  is  no  doubt  very  useful  for  laboratory  pur- 
poses, but  it  is  hardly  one  that  could  be  placed  in  the  hands  of 
the  average  operator,  for  whom  the  necessary  adjustments  and 
calculations  would  be  too  intricate.  This  does  not,  however, 
detract  from  its  value  as  a  piece  of  scientific  apparatus. 

A  beam  of  light  has  two  other  qualities  besides  that  of  illu* 
minating  a  dark  surface.  It  can  easily  be  shown  to  possess  more 
or  less  heat  rays;  also,  that  if  certain  compound  substances 
are  interposed  in  its  path,  chemical  decomposition  takes  place. 
Were  the  three  portions  of  the  beam,  viz.,  the  thermal,  the  lumi* 
nous,  and  the  actinic  or  chemical  rays,  always  united  in  the  same 
proportions,  we  should  have  no  difficulty  in  constructing  a  photo- 
meter accurate  in  its  measurement  and  independent  of  the  want 
of  sensitiveness  in  the  eye ;  for  we  could  on  the  one  hand  use  a 
thermometer,  or  a  thermopile  and  a  delicate  galvanometer ;  or  on 
the  other  hand  a  piece  of  sensitised  p^per  such  as  is  used  in 
photography.  But  unfortunately  the  proportions  vary  consider- 
ably. 

Tyndall  has  ascertained,  as  the  result  of  a  long  series  of  care- 
fully performed  experiments,  that  the  luminous  rays  from  several 
sources  of  light  bear  but  a  small  proportion  to  the  obscure  or  non- 
luminous  rays,  the  exact  proportion  of  the  former  being  from 

An  oil  flame 3    per  cent. 

A  gas  flame 4         „ 

A  white-hot  spiral  ....      4-6       „ 

An  electric-arc  light        .         .        .         .10  „ 

The  arc  light  appears  here  as  the  richest  in  luminous  rays  ;  it  is 
also  the  richest  in  actinic  rays,  but  the  poorest  in  thermal  rays. 
The  various  proportions  differ,  however,  to  some  extent  with 
different  carbons,  &c.  The  experiments  demonstrate  that,  if 
either  the  thermal  or  the  actinic  rays  are  to  be  utilised  for  ascer- 
taining the  luminosities  of  electric  lamps,  they  can  only  be  com- 
pared together,  or  among  themselves  ;  they  cannot  be  fairly  com- 
pared  with  an  oil  or  a  gas  flame. 

In  the  practical  measurement  of  electric  lamps,  modifications 
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of  the  Bunsen  photometer  are,  as  we  have  indicated,  generally 
employed.  The  form  most  frequently  met  with  is  the  Letheby, 
which  was  designed  for  gas  testing,  and  which  therefore  pos- 
sesses many  refinements  unnecessary  for  electric  light  testing. 
The  Bunsen  disc  is  enclosed  in  a  double  conical  tube  or  box  to 
screen  off  extraneous  rays  of  light,  and  small  angular  mirrors  are 
placed  opposite  a  pair  of  openings  in  the  side  of  the  tube,  to 
facilitate  observations  of  the  two  sides  of  the  disc  The  *  Univer- 
sal '  photometer,  designed  by  the  late  Mr.  Hartley,  is  simple,  cheap, 
and  efficient,  and  can  be  used  for  estimating  the  luminosities  tk 
arc  or  incandescent  lamps,  in  a  horizontal  or  in  any  other  direc- 
tion. It  consists  of  a  long  narrow  table,  with  two  p>arallel  grooves 
in  the  top ;  sliding  in  one  of  these  are  the  Methven  screen  or  other 
standard  and  the  Bunsen  disc,  while  in  the  other  travels  a  scale, 
21  inches  in  length,  divided  into  tenths  of  an  inch.  For  hori- 
zontal measurement,  the  lamp  to  be  tested  is  fixed  on  an  inde- 
pendent pillar  at  a  known  distance  from  the  disc  ;  if  the  lamp  js 
suspended  from  the  ceiling,  an  angle  measurer  is  provided  to 
facilitate  the  estimation  of  its  actual  distance. 

It  is  the  usual  practice  for  an  incandescent  lamp  to  be  care- 
fully compared  with  some  standard,  such  as  the  Methven  screen. 
It   is  then  in  its  turn  employed  as  a  standard  of  comparison 
for  other  similar  lamps,  requiring  little  attention,  and  afibiding 
a  ready  means  of  rapidly  testing  a  large  number  of  lamps.     It  is, 
however,  only  employed  as  a  standard  for  a  time,  otherwise  there 
would  be  some  risk  of  error  owing  to  a  variation  in  the  luminosity 
of  the  lamp.     The  method  of  testing  arc  lamps  is  somewhat 
similar.     An  incandescent  lamp,  after  being  standardised,  is  in  this 
case,  also,  frequently  employed  as  a  standard,  the  arc  lamp  being 
placed  on  a  scale  at  right  angles  with  the  photometer  bar,  which 
carries  a  mirror  adjusted  to  an  angle  of  45°  with  the  luminous 
beam,  so  as,  in  obedience  to  the  law  declaring  that  the  angle  of 
reflection  is  equal  to  the  angle  of  incidence,  to  project  the  rays 
upon  the  greased  disc,  the  quasi-standard  being  placed  so  as  to 
illuminate  the  opposite  side  of  the  disc.     The  comparison  is  then 
made  by  adding  the  distance  between  the  disc  and  the  mirror  to 
the  distance  between  the  mirror  and  the  arc,  and  regarding  this 
as  the  distance  which  has  to  be  compared  with  that  between  the 
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disc  and  the  standard.  A  constant  allowance  has  to  be  made  for 
the  absorption  of  the  mirror,  which  for  a  certain  angle  varies  with 
different  samples  of  glass.  It  is  obviously  necessary  that  the  arc 
should  be  so  screened  that  none  of  the  rays  fall  direct  upon  the 
disCy  and  that  the  angle  of  the  mirror  should  be  kept  fixed. 
With  a  very  powerful  arc  it  would  be  possible  to  diminish  the 
percentage  of  the  rays  falling  upon  the  disc,  by  placing  the  lamp 
at  a  greater  angle  than  that  of  90''  with  the  scale  board  or  the 
axis  of  the  disc.  A  fresh  constant  would  then  have  to  be  employed, 
in  accordance  with  the  law  that  the  intensity  of  illumination  which 
is  received  obliquely  is  proportional  to  the  cosine  of  the  angle 
which  the  luminous  rays  make  with  the  normal  to  the  surface, 
allowance  being  also  made  for  the  increased  loss  due  to  absorption. 
Where  the  space  can'be  afforded,  a  photometer  room  should 
be  provided,  and  fitted  with  opaque  blinds,  so  that  all  extraneous 
rays  can  be  excluded.  The  room,  when  candles  or  comparison 
flames  are  employed,  should  be  free  from  draughts  and  vibrations. 


57^  Electrical  Engineering '  chap,  xm. 


CHAPTER  XVII. 

INSTALLATION  EQUIPMENT,    FITTINGS,    ETC 

One  of  the  most  important  details  to  be  considered  in  connection 
with  an  electric  light  plant  is  the  means  to  be  adopted  for  trans* 
ferring  the  energy  from  the  generator  to  the  lamp.  In  tel^fraphj 
it  is  a  matter  of  secondary  importance  whether  the  line  connect- 
ing the  sending  and  the  receiving  stations  measures  3,000  of 
4,000  ohms  in  resistance,  the  number  of  primary  cells  employed 
for  working  the  wire  being  simply  varied  according  to  this  if 
sistance.  Consequently,  unless  a  high-speed  system  of  working 
is  to  be  adopted,  good  iron  wire  answers  every  purpose,  for  it  is 
a  fairly  good  conductor,  it  is  mechanically  strong,  and  it  is  cheap. 
For  high-speed  working,  copper  is  resorted  to  because  the  electro- 
magnetic inertia  of  iron  is  too  great  to  permit  the  necessaij 
rapidity  of  current  alternation. 

In  electric  lighting,  copper  is  always  employed  for  the  con- 
ductor. The  current  to  be  carried  is  usually  very  strong  or  heavy, 
and  it  is  imperative  that  the  loss  of  energy  due  to  the  resistance 
of  the  conductor  should  be  brought  down  to  the  lowest  practi- 
cable limit  Were  iron  to  be  employed,  it  would  be  necessary  to 
give  it  six  times  the  sectional  area  of  the  copper  to  obtain  the 
same  conductivity,  and  an  iron  wire  or  rod  of  such  dimensions  as 
it  would  be  frequently  necessary  to  employ  would  be  too  rigid  for 
handling  and  bending.  It  would  be  necessary  to  make  it  in 
definite  lengths  and  then  to  connect  these  lengths  together  at  the 
place  where  they  are  to  be  used.  But  such  a  rod  would  also  pre- 
sent very  many  additional  difficulties  in  the  way  of  insulation,  and 
add  considerably  to  the  cost  of  that  portion  of  the  work.  In 
fact,  an  insulated  iron  conductor  would  be  considerably  more  ex- 
pensive than  one  of  copper  offering  the  same  resistance.    The 
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recently  extended  use  of  rapidly  alternating  currents  is  another 
reason  against  the  employment  of  iron  conductors. 

It  will  be  seen,  from  a  study  of  the  table  given  on  p.  17,  that 
the  choice  of  materials  for  electrical  conductors  of  any  kind  is 
really  limited  to  the  two  metals  above  mentioned,  viz.,  copper  and 
iron  ;  so  that  for  electric  lighting  work  we  have  no  alternative  but 
to  use  copper. 

The  table  on  the  next  page  concerning  the  various  sizes  of 

copper  wire  generally  employed  gives  some  instructive  details.    It 

'  will  be  seen  that  most  of  these  conductors  are  made  up  of  a  number 

of  small  wires  stranded  together,  the  chief  objects  being  to  impart 

greater  flexibility  and  to  reduce  the  risk  of  complete  fracture.  . 

Now  as  in  overcoming  the  resistance  of  a  conductor,  electrical 
power  is  wasted,  and  as  it  costs  money  to  develop  electrical 
power,  it  is  evident  that  in  any  commercial  system  such  waste  must 
be  kept  down  to  a  minimum.  This  can  be  done  by  simply  re- 
ducing the  resistance,  that  is,  by  increasing  the  size  of  the  con- 
ducting wires ;  but  as  this  also  is  an  expensive  matter,  care  must 
be  taken  that  the  addition  thus  made  to  the  expenditure  in  con- 
ductors is  not  so  excessive  as  to  more  than  counterbalance  the 
cost  of  the  power  continually  being  saved.  It  has  been  laid  down 
as  a  general  rule,  that,  for  the  transmission  of  any  given  current, 
the  size  of  the  conductor  most  economical  to  employ  is  one  offer- 
ing such  a  resistance  that  the  cost  of  the  energy  wasted  per 
annum  in  heating  the  conductors,  should  be  equal  to  the  interest 
per  annum  on  the  original  outlay  upon  them.  Knowing  the  ave- 
rage current  to  be  transmitted,  it  becomes  easy  to  find  the  average 
electrical  horse-power  wasted  in  a  conductor  of  any  given  re- 
sistance ;  but  the  cost  of  developing  a  horse-power  depends  upon 
many  conditions,  principally  local,  such  as  the  cost  of  fuel,  at- 
tendance, rental,  repairs,  prime  cost  and  efficiency  of  the  plant. 
And  with  regard  to  the  conductors  themselves,  it  must  be  re- 
membered that  it  is  not  merely  a  question  of  the  quantity  and 
price  of  the  copper  employed,  but  also  of  the  insulation  and  laying. 
Most  main  conductors  are,  in  England,  placed  underground, 
and  as  a  rule  the  cost  of  laying  considerably  exceeds  the  actual 
cost  of  the  wire. 

Further,  although  the  resistance  of  a  wire  one  inch  in  diameter 
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is  only  one-fourth  of  that  of  a  wire  half  an  inch  in  diameter,  k 
does  not  cost  anything  like  four  times  as  much  nor  even  twice  as 
much  to  lay  the  thicker  wire  as  it  does  to  lay  the  thinner,  for  tiic 
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labour  of  removing  and  replacing  the  paving,  earth,  &c.,  would  be 
almost  the  same  in  both  cases.  Again  the  insulation  of  the  wire 
is  an  important  and  expensive  item,  which  does  not  increase  so 
rapidly  as  the  resistance  of  a  wire  is  reduced  by  an  increase  in  its 
size  j  so  that  it  does  not  by  any  means  follow  that  a  given  reduc- 
tion in  resistance  entails  a  proportionate  increase  in  expense.  It 
may  be  noticed  incidentally,  that  when  the  diameter  of  a  round 
conductor  is  doubled,  although  its  sectional  area  and  therefore  its 
conductivity  is  increased  four-fold,  its  surface  is  only  doubled. 
Therefore  if  a  current  of  four  times  the  strength  is  passed  through 
it,  the  heat  developed  will  be  four  times  as  great  (since  power 
wasted  =  c^r),  while  the  surface  at  which  radiation  takes  place 
has  only  been  doubled.  The  temperature  of  the  thicker  wire  will 
rise  higher  than  that  of  the  thinner  one,  when  they  carry  currents 
in  proportion  to  their  conductivities. 

One  advantage  attending  the  use  of  bare  conductors  is  the 
greater  facility  afforded  by  them  for  the  radiation  of  heat  as  com- 
pared with  covered  conductors. 

So  many  considerations,  mostly  special  for  every  particular  case, 
enter  into  the  question  of  the  best  size  and  shape  of  the  conduct(»r 
consistent  with  strict  economy,  that  we  cannot  discuss  the  matter 
fully  here.  But  with  regard  to  the  reduction  of  resistance  by.  the 
employment  of  high  conductivity  copper,  it  should  be  noticed  that 
as  the  presence  of  a  minute  quantity  of  foreign  matter  causes  such 
a  great  increase  in  the  resistance  of  this  metal,  it  is  always  econo- 
mical to  use  the  purest  copper  obtainable  commercially. 

In  systems  of  distribution  of  electrical  power  by  means  of  a 
constant  current,  the  question  is  comparatively  simple,  as  the 
current  employed  is  not  a  heavy  one,  and  has  the  same  value  at 
all  times  and  in  all  parts  of  the  circuit  The  chief  difficulty  likely 
to  arise  is  in  providing  for  future  extensions  of  the  system  when 
the  potential  difference  which  can  be  applied  at  the  ends  of  the 
circuit  is  limited.  The  more  interesting  and  more  difficult  pro- 
blem consists  in  the  supply  of  current  to  lamps,  or  other  apparatus, 
at  a  constant  potential;  for  then  the  main  conductors  have'to 
carry  a  very  heavy  and  variable  current.  The  matter  becomes 
more  difficult  if  the  lamps  are  distributed  over  a  wide  area,  or  are 
situated  at  a  distance  from  the  generating  station.    As  has  been 
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pointed  out  in  Chap.  XIII.,  the  power  wasted  may  in  such  cases 
be  reduced  to  a  minimum,  by  transmitting  it  in  the  form  of  a 
small  current  at  high  pressure,  and  reducing  the  pressure  at  the 
required  point,  to  a  suitable  value.  But  such  a  system  has  iis 
disadvantages.  Although  the  cost  of  the  copper  \&  vastly  reduced 
the  high  potential  difference  employed  demands  very  efficient  and 
expensive  insulation,  the  engines  and  dynamos  must  alwa}^  be 
kept  running,  and  when  very  little  power  is  being  demanded  the 
efficiency  of  the  transformers  and  of  the  whole  system  falls  to : 
low  value.  For  even  when  the  secondary  circuit  of  a  parallel 
transformer  is  disconnected,  some  current  passes  through  the 
primary,  and  when  only  one  or  two  lamps  are  joined  up,  the 
power  appearing  in  the  secondary  may  be  but  a  comparatively 
small  fraction  of  that  absorbed  by  the  primary.  When  the 
number  of  transformers  is  large,  the  total  power  wasted  becomes 
considerable  during  the  times  when  little  or  no  light  is  required. 

In  the  other  method  of  distributing  direct  from  the  dynamo  to 
a  number  of  lamps  all  joined  up  in  parallel,  the  chief  problems  to 
be  faced  are  the  heavy  loss  occurring  in  the  mains  and  the  diffi- 
culty of  regulating  the  supply  to  each  lamp. 
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Such  an  arrangement  is  indicated  by  the  diagram  in  fig.  286* 
where  d  represents  a  dynamo  capable  of  maintaining  a  constam 
potential  difference  at  its  terminals ;  a  and  b,  the  main  leads  from 
the  machine  to  the  nearest  lamp ;  and  e,  f  the  continuation  ot 
those  leads,  between  which  the  lamps  are  placed.  Suppose  theft 
to  be  100  lamps  so  joined  in  parallel,  each  requiring  a  cunent 
of  half  an  ampere,  and  a  potential  difference  at  its  extremities  of 
no  volts.  The  total  current  supplied  by  the  dynamo  with  all 
the  lamps  in  use  would  be  50  amperes^  and  this  current  wouU 
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have  to  be  carried  by  the  main  leads  a  and  b.  Supposing  the 
resistance  of  a  and  b  to  be  one-tenth  of  an  ohm,  the  power  wasted 
in  overcoming  this  resistance  would  be  250  watts,  and  the  con- 
sequent fall  of  potential  5  volts.  Therefore  the  machine  must 
develop  at  least  ii^VoTts  at  its  terminals  in  order  to  maintain  110 
volts  at  the  nearest  hiTcv^. 

Now  a  further  fall  of  potential  would  take  place  along  the 
mains,  e,  f;  suppose  this  to  amount  to  10  volts,  then  the  pressure 
at  the  most  distant  lamp  would  only  be  100  volts,  while  if  this  were 
raised  to  no  by  an  increase  at  the  dynamo,  the  nearest  lamp 
would  then  be  working  at  120  volts.  Even  ignoring  the  waste  of 
power,  such  a  difference  could  not  be  permitted  if  similar  lamps 
were  used  throughout  the  system,  as  some  would  be  giving  far 
above  and  others  far  below  their  normal  candle-power. 

It  would,  however,  be  practicable,  but  very  inconvenient,  to 
employ  different  types  of  lamp,  placing  those  made  to  run  at  no 
volts  at  the  end  near  the  dynamo,  and  others  constructed  for  100 
volts  at  the  further  end  of  the  line,  and  so  on.  But  even  then,  if 
the  dynamo  were  perfectly  regulating,  the  potential  at  the  far  end 
of  the  mains  would  rise  considerably,  when  any  number  of  the 
nearer  or  intermediate  lamps  were  cut  out  of  circuit. 

Referring  again  to  the  figure,  it  will  be  observed  that  the  mains 
at  any  one  point  only  carry  a  current  equal  to  that  required  by  all 
the  lamps  beyond  that  point.  Thus,  while  the  portions,  a,  b,  take 
the  whole  current,  those  portions  between  the  last  lamp  and 
the  last  but  one  only  carry  half  an  ampere.  The  size  of  the 
mains  might,  therefore,  be  reduced  by  one  hundredth  as  every 
lamp  is  passed,  and  the  same  density  of  current  in  the  conductor 
be  retained.  This  is  equivalent  to  bunching  100  wires  together  to 
form  the  main,  and  taking  out  one  of  them  at  every  lamp.  If  the 
100  wires  were  separately  insulated,  that  is  to  say,  if  a  separate 
lead  and  return  wire  were  used  between  the  machine  terminals 
and  each  lamp,  the  pressure  at  the  ends  of  these  leads  would  be 
constant ;  and  since  the  resistance  in  each  independent  lamp 
circuit  is  also  constant,  the  pressure  at  each  lamp  would  be 
unaltered  by  any  variation  in  the  number  thrown  in  circuit.  This 
forms  a  means  of  maintaining  a  perfect  regulation,  although  of 
course  the  actual  pressure  at  the  lamp  would  depend  upon  the 
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resistance  of  its  particular  leads.  Great  as  are  the  advantages  of 
such  a  method,  the  expense  would  forbid  its  being  employed  in 
an  installation  extending  over  a  large  area.  It  will  be  seen,  how- 
ever, that  with  ordinary  mains,  if  the  resistance  is  sufficiently  lov 
to  make  the  fall  of  potential  very  small,  then  the  variation  which 
would  take  place  in  the  potential  difference  at  the  extreme  end  of 
the  circuit  becomes  negligibly  small  An  extreme  variation  of  4 
volts  might  be  allowed,  and  then,  by  maintaining  the  normal 
pressure  of  no  volts  near  the  middle  of  the  system,  the  nearest 
lamp  would  have  but  112  volts  and  the  furthest  108. 

It  is  necessary  to  be  able  to  observe  in  the  engine-room  the 
pressure  existing  at  the  far  and  near  ends  of  the  mains  at  any 
moment,  so  as  to  be  able  to  keep  one  point  as  much  below 
as  the  other  is  above  the  normal  pressure  \  and  this  can  be  done 
by  leading  'pilot -wires'  from  the  mains  at  those  points  to  a  voir- 
meter  placed  at  the  generating  station. 

For  instance,  in  fig.  286,  a  thin  wire  might  be  led  from  the 
point  a  and  another  from  ^,  each  to  one  terminal  of  the  volt- 
meter, which  would  afford  an  indication  of  every  variation  at  the 
extreme  end  of  the  mains.  A  second  pair  of  pilot-w^ires  might  be 
led  from  the  nearest  lamp ;  or  by  leading  one  pair  only,  connected 
to  the  mains  at  the  centre  of  the  system,  and  keeping  the  potential 
there  at  no  volts,  a  good  average  regulation  might  be  maintained. 

At  an  installation  at  Kensington  Court,  over  two  thousand  loo- 
volt  lamps  are  run  in  parallel,  batteries  of  secondary  cells  being 
used  in  conjunction  with  the  dynamos,  for  regulating,  and  assisting 
the  machines  to  meet  any  large  demand.  Several  circuits  Inancfa 
out  from  the  engine-house,  some  of  the  lamps  being  900  yards 
distant.  At  the  extreme  ends  of  all  the  mains,  a  pressure  of  100 
volts  is  maintained,  while  that  at  the  nearest  lamp  does  not  exceed 
102  volts.  A  pair  of  thin  wires  is  led,  as  mentioned  above,  from 
the  end  of  the  mains,  to  a  voltmeter  in  the  engine-house,  and 
when  this  instrument  indicates  a  fall  of  potential  (caused  by  the 
switching  in  of  more  lamps)  the  attendant  immediately  switches 
one  or  two  secondary  cells  on  to  that  pair  of  mains,  in  series  with 
the  existing  cells,  thus  raising  the  pressure  to  the  required  value ; 
the  cells  being  of  course  cutout  when  the  voltmeter  indicates  a  rise 
of  potential     The  mains  employed  in  this  case  consist  panly  of 


cKAjp.  xYih  Distribution  583 

ordinary  insulated  cable,  and  partly  of  bare  copper  conductors 
stretched  over  porcelain  insulators,  in  concreted  channels. 

Although  on  a  simple  parallel  system  of  distribution,  the  ar- 
rangement is  such  that  the  whole  of  the  lamps  are  connected  in 
p>arallel  between  the  two  mains,  it  is  evidently  impracticable  to 
join  them  directly  across  (as  indicated  in  the  case  of  the  nearest 
and  furthest  lamps  in  fig.  286),  when  the  mains  are  carried  under 
the  roadway.     It  is  necessary  to  lead  a  wire  from  each  main  to 
every  group  of  lamps,  say  to  every  house  supplied,  in  the  manner 
indicated  at  m,  n.     The  higher  potential  mains  are  throughout 
marked  +,  and  the  lower  potential,  or  return  wires  — .     These 
subsidiary  mains  should  be  proportioned  in  size  according  to  the 
number  of  lamps  to  be  supplied  by  them. 

It  is  not  possible,  however,  to  sufficiently  reduce  the  resistance 
of  a  single  pair  of  mains  leading  direct  from  the  dynamo  to  main- 
tain even  approximately  a  constant  pressure  at  all  the  lamps  if  they 
are  distributed  over  a  large  area  ;  a  method  of  facilitating  regula- 
tion in  such  a  case,  by  the  employment  of  subsidiary  mains  which 
feed  the  mains  proper  at  certain  points,  but  are  not  themselves 
tapped  by  lamp-circuits,  will  be  described  later  on. 

The  method  of  employing  a  battery  of  secondary  cells  so  as  to 
assist  in  the  regulation,  or  in  the  maintenance  of  a  constant 
potential,  is  indicated  in  fig.  286,  where  s  represents  such  a  battery. 
The  cells  are  joined  in  parallel  with  the  dynamo,  and  are  charged 
by  it  without  any  alteration  in  the  connections  being  necessitated. 
The  interactions  between  the  two  generators— the  dynamo 
and  the  battery — may  be  embraced  under  three  heads,     {a)  When 
the  E.M.F.  of  the  battery  is  less  than  the  potential  difference  at  the 
dynamo  terminals,  the  machine  is  supplying  current  to  the  lamps 
and  at  the  same  time  charging  the  cells,  the  strength  of  the  cur- 
rent passing  through  the  cells  depending  upon  the  excess  of  the 
potential  difference  maintained  by  the  machine  over  the  E.M.r. 
of  the  cells,     (b)  When  the  e.m.f.  of  the  cells  becomes  equal  to 
the  potential  difference  at  the  machine  terminals  both  generators 
are  equally  active  in  feeding  the  lamp  circuit,     {c)  When  the 
E.M.F.  of  the  cells  rises  above  the  normal— that  is,  above  that 
potential  difference  which   is  required  to  be  maintained  at  the 
terminals  of  the  generators  in  order  to  maintain  the  right  pressure 
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at  the  lamps — then  the  battery  not  only  feeds  the  lamp-circuit 
but  raises  the  pressure  at  the  machine  terminals.  This  rarely 
happens,  but  the  machine  being  shunt-wound,  the  effect  is  to  in- 
crease the  current  through  the  field  coils,  giving  a  stronger  field 
which  again  tends  to  increase  the  e.m.f.  developed.  Wlien  the 
potential  difference  thus  rises,  it  becomes  necessary  to  cut  out  one 
or  two  cells  to  prevent  the  pressure  rising  sufficiently  high  to  injure 
the  lamps.  A  suitable  switch  is  employed  for  this  purpose,  and 
the  regulation  effected  by  an  attendant  in  accordance  with  the 
indications  of  the  voltmeter. 

It  will  be  remembered  that  if  the  engine  should  break  dovn, 
the  cells  would  drive  the  shunt  machine  as  a  motor  in  the  same 
direction ;  but  an  automatic  cut-out  should  be  provided  to  cut  <^ 
the  dynamo  when  the  back-current  from  the  cells  exceeds  a  certain 
limit.  A  piece  of  apparatus  capable  of  performing  these  operations 
was  described  in  Chap.  XIV. ;  it  disconnects  the  machine  when 
from  any  cause  its  potential  difference  falls-  below  the  £.Bi.F.  of 
the  cells.  Under  such  circumstances  the  cells  would  be  called 
upon,  and  should  be  able,  to  run  even  the  whole  of  the  lamps  for 
a  short  period,  or  a  portion  of  them  for  a  considerable  time. 

It  also  becomes  possible  to  economise  power  and  the  expense 
of  attendance,  by  only  running  the  machine  during  the  hours  when 
the  demand  is  a  maximum,  allowing  the  cells  to  supply  current  to 
the  few  lamps  required  at  other  times. 

It  may  occur  to  the  student  that  a  considerable  saving  in  the 
mains  would  be  effected  by  joining  groups  of  lamps  in  series 
between  the  mains,  all  the  groups  being  thus  placed  in  parallel 
This  is  so  ;  for  if  the  lamps  were  placed  in  sets  of  four  in  series, 
the  potential  difference  between  the  mains  would  be  four  times  thai 
at  the  ends  of  one  lamp,  say  400  volts  instead  of  100.  By  thb 
means  the  maximum  current  in  the  mains  would  be  reduced  to 
one-fourth,  and  the  weight  of  copper  correspondingly  reduced,  to 
give  the  same  rate  of  loss  of  power. 

But  some  serious  difficulties  arise  in  connection  with  such  a 
system  ;  for  instance,  if  the  filament  of  one  lamp  in  a  set  hreaks» 
the  other  three  lamps  in  that  set  are  immediately  extinguished ; 
and  if,  to  remedy  this,  the  faulty  lamp  is  merely  short-circuitedL 
the  remaining  three  get  too  much  current,  and  noay  also  be 
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damaged  Of  course  a  device  may  be  adopted  to  automatically 
switch  in  a  second  lamp,  or  to  replace  the  broken  one  by  a  resist- 
ance equal  to  it ;  but  the  latter  arrangement  is  undesirable  on 
account  of  the  waste  of  power;  and  in  either  case  the  extra 
fittings  cause  additional  trouble  and  expense. 

The  same  objection  arises  in  the  ordinary  case  of  switching  out 
one  of  a  batch  of  lamps. 

But  even  if  the  lamps  are  joined  in  sets  of  only  two  in  series, 
a  considerable  saving  is  effected ;  and  a  method  by  which  this 
can  be  done  without  introducing  any  of  the  difficulties  referred  to 
is  indicated  by  the  diagram  in  fig.  287.  It  is  known  as  the 
*  three-wire  system.' 

Two  equal  dynamos,  Di,  d^,  are  joined  in  series^  and  con- 
nected to  the  mains,  a,  p,  in  the  ordinary  manner.  That  is  to 
say,  the  positive  terminal  of  Dj  is  joined  to  the  positive  main,  a,  and 
the  negative  terminal  of  D2  to  the  main,  b,  while  the  negative  ter- 

Fig.  287. 


UUiU 


B 


^ 'P 'l"i"i"i' ^ 


minal  of  Di  is  coupled  to  the  positive  of  Dj.  Suppose  each 
machine  to  be  capable  of  maintaining  a  potential  difference  of 
1 10  volts  ;  then  when  they  are  so  joined  in  series  they  maintain 
the  mains  a  and  b  at  a  difference  of  220  volts.  The  lamps  being 
joined,  two  in  series,  across  the  mains  as  indicated,  the  potential 
difference  at  the  extremities  of  one  of  them  is  no  volts.  A  third 
wire,  c,  much  smaller  than  the  mains,  connects  the  junctions  of  the 
pairs  of  lamps,  and  is  also  joined  to  the  junction  of  the  dynamos. 
Now  when  the  number  of  lamps  between  a  and  c  is  the  same 
as  the  number  between  b  and  c,  the  potential  is  the  same  at  every 
point  along  the  wire,  c.  Hence  there  is  no  tendency  for  any 
current  to  flow  along  the  centre  wire  ;  it  might,  in  fact,  be  cut  at 
any  point,  or  removed  altogether,  without  in  any  way  affecting  the 
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working  of  the  system.  But  when  the  lamps  on  either  side  of  it 
are  made  unequal  in  number,  this  state  of  balance  no  longer 
exists.  Suppose  a  lamp  between  a  and  c  to  be  switched  out  of 
circuit ;  then  the  resistance  between  a  and  c  is  greater,  and  there- 
fore the  fall  of  potential  becomes  greater,  than  between  b  and  c 
But  the  mains  a  and  b  are  kept  at  approximately  the  same 
potential  difference,  and  if  the  difference  between  a  and  c  is 
increased,  it  can  only  be  by  the  lowering  of  the  potential  of  c 
The  effect  of  cutting  out  a  lamp  between  a  and  c,  then,  will  be  to 
lower  the  potential  of  c  near  the  point  where  the  lamp  is  disc<H2- 
nected.  But  the  potential  at  the  point  F  remains  unaltered  ;  con- 
sequently this  difference  of  potential  establishes  a  current  along 
the  wire  c,  from  the  junction  of  the  machines  to  the  lamps.  The 
strength  is  equal  to  that  which  flows  through  one  lamp  circuit ;  it 
may,  in  fact,  be  considered  as  the  current  which  passes  through 
the  additional  lamp  bet^^een  b  and  c.  If  a  lamp  between  b  and  c 
is  now  switched  out,  balance  is  again  restored,  and  no  current 
passes  along  c.  When  the  number  between  a  and  c  is  made  the 
greater,  the  difference  between  those  leads  is  lessened,  that  is,  th« 
potential  of  c  near  the  lamps  is  raised.  This  determines  the  fk>w 
of  a  current ^^»i  the  lamps  to  the  junction  of  the  machines  along 
the  centre  wire.  If  the  whole  of  one  set  of  lamps  were  cut  out, 
then  the  centre  wire  would  have  to  carry  the  current  supplied  to 
all  the  lamps  in  the  remaining  set,  in  which  case  it  would  require 
to  be  as  large  as  the  other  mains ;  in  some  cases  the  three 
mains  are  made  equal,  but  it  is  usually  possible  to  arrange  the 
lamps  so  that  this  extreme  case  would  never  happen.  Under 
favourable  conditions  the  current  which  the  centre  wire  has  to 
carry,  due  to  the  difference  in  the  number  of  lamps  on  either 
side  of  it,  may  be  made  comparatively  small ;  and,  consequently, 
the  wire  itself  can  be  made  much  smaller  than  the  mains  proper. 

It  has  been  proposed  to  provide  each  lamp  with  a  switch,  by 
means  of  which  it  may  be  joined  up  between  the  centre  wire  and 
either  main  ;  the  brighter  light  would  be  obtained  from  the  main 
which  already  had  the  smaller  number  of  lamps  joined  to  it,  and, 
consequently,  the  consumers,  in  their  anxiety  to  obtain  the  best 
light,  would  assist  in  the  regulation  of  the  system. 

Secondary  cells  may  be  employed  in  conjunction   with  the 
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machines,  as  indicated  in  the  diagram;  two  complete  sets  of  cells 
axe  needed,  their  positive  and  negative  terminals  being  connected 
to  the  mains  and  to  the  centre  wire  in  the  same  manner  as  are  the 
dynamo  terminals. 

A  means  of  reducing  the  difficulty  of  maintaining  a  uniform 
potential  difference  along  lengthy  mains,  is  afforded  by  the  use  of 
independent  conductors  connecting  various  points  in  the  circuit 
direct  with  the  generating  station,  and  these  subsidiary  leads  are 
termed  *  feeders.'  In  some  cases  the  mains  themselves  are  not 
connected  direct  with  the  generator,  the  whole  of  the  current 
being  supplied  to  them  at  suitable  points  by  way  of  the  feeders. 
When  the  potential  difference  at  or  near  the  particular  point  to 
which  a  pair  of  feeders  is  connected,  varies  (as  it  does,  with  a 
change  in  the  number  of  lamps  in  use),  this  difference  is  com- 
pensated for  by  correspondingly  varying  the  pressure  applied 
to  the  feeders,  or  by  some  other  means  varying  the  current  pass- 
ing through  them.  When,  for  instance,  the  number  of  lamps  in 
circuit  is  increased,  the  pressure  between  the  mains  falls,  and  more 
current  is  required  to  be  supplied  by  the  feeders,  and  vice  versA, 

It  becomes  necessary,  therefore,  to  provide  some  means  for 
promptly  indicating,  at  the  generating  station,  the  variations  of  the 
potential  difference  at  the  points  where  the  feeders  join  the  mains. 
This  is  readily  supplied  by  the  employment  of  pilot  wires,  after 
the  manner  already  described,  these  wires  being  simply  connected 
to  a  voltmeter.  When  the  instrument  shows  a  fall  of  potential, 
the  electrical  pressure  along  the  pair  of  feeders  is  augmented 
until  the  distant  point  is  raised  to  the  required  standard.  On  the 
other  hand,  should  the  potential  difference  in  the  mains  rise,  then 
that  on  the  feeders  must  be  reduced.  But  economical  adjustment 
in  this  way  is  somewhat  difficult  of  attainment.  It  would,  for 
example,  be  hardly  practicable  to  use  a  separate  dynamo  for  each 
pair  of  feeders,  and  to  continually  vary  its  output  to  suit  the  demand. 
It  is  preferable  to  use  one  or  more  dynamos  connected  to  a 
pair  of  'omnibus'  bars,  from  which  the  whole  of  the  feeders 
radiate.  The  potential  difference  between  these  bars  must  be 
kept  equal  to  the  maximum  required,  and  the  regulation  can  then 
be  effected  by  inserting  resistance  or  counter  electro-motive  force 
in  the  respective  feeder  circuits. 
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The  insertion  of  resistance  coils,  however,  while  it  is  effectual 
and  convenient,  is  wasteful.  A  more  economical  plan  is  to  intio- 
duce  a  few  secondary  cells  in  each  feeder,  in  such  a  manner  that 
they  oppose  the  feeding  current.  The  effect  is  simply  to  oppose 
a  counter  e  m.f.  to  the  dynamo  (since  the  cells  have  practically  no 
resistance),  but  the  potential  difference  is  varied  by  the  rather  large 
steps  of  two  volts  at  a  time.  In  making  any  change  both  feeders 
must  be  similarly  treated. 

With  the  three-wire  system  it  is  obviously  necessary  to  lead 
three  feeding  wires  to  each  point  and  to  connect  pilot  wires  there- 
from to  two  separate  voltmeters. 

The  advantage  of  using  several  comparatively  small  machines 
joined  in  parallel,  to  supply  the  omnibus  bars,  is  that  a  dynamo  may 
be  switched  out  and  stopped  when  the  demand  for  current  falls. 

When  the  feeders  vary  considerably  in  length,  it  may  be  advis- 
able to  divide  them  into  two  or  even  more  groups  according  to 
their  resistances,  and  supply  the  longer  ones  from  a  pair  of  bars 
maintained  at  a  proportionately  higher  pressure  than  the  similar 
bars  supplying  the  shorter  feeders. 

Turning  now  to  the  methods  of  supporting,  protecting,  and 
insulating  the  conductors,  we  immediately  observe  that  tbev 
naturally  divide  themselves  into  two  classes,  viz.,  overhead  anu 
underground. 

The  overhead  system  has  the  advantage  of  cheapness  in  con- 
struction, and  it  affords  great  facilities  for  inspection  and  repair, 
and  for  subsequent  extensions.  It  is,  therefore,  generally  em- 
ployed where  the  local  conditions  are  favourable,  where  the  cunatt 
employed  is  not  so  heavy  as  to  require  a  very  massive  conductor. 
and  where  the  potential  difference  is  not  excessively  high.  The 
system  has,  however,  the  disadvantage  that  the  insulation  is  liable 
to  considerable  variation  with  weather  changes.  This  can  to  a  great 
extent  be  prevented  by  good  construction,  and  the  employment 
of  properly  designed  *  insulators.'  A  series  circuit,  such  as  is  used 
for  arc  or  low  resistance  incandescent  lamps,  lends  itself  readily 
to  the  employment  of  overhead  mains,  since  the  current  is  in  such 
cases  constant  and  rarely  exceeds  ten  amperes.  A  very  small 
wire  would  be  sufficient  to  carry  such  a  current,  but  its  size  is 
really  determined  more  by  mechanical  than  electrical  necessities. 
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For  example,  a  wire  of  No.  12  b.w.g.  would  carry  the  current  with 
safety,  but  a  No.  8  or  No.  10  is  practically  used  on  account  of  its 
greater  strength.  When  the  conductor  is  stranded,  7  No.  i6's  are 
employed,  although  7  No.  20's  would,  from  an  electrical  point  of  view, 
suffice.  We  ought  perhaps  to  mention  that  all  overhead  bare  con- 
ductors must  be  of  hard-drawn  copper  in  order  to  obtain  the 
requisite  mechanical  strength.  Ordinary  pure  copper  is  compara- 
tively soft,  and  in  a  span  of  any  considerable  length  cannot  sustain 
its  own  weight;  while  in  a  gale,  the  wind  pressure  enormously 
increases  the  strain  upon  the  wire. 

Bare  conductors  are  supported  on  insulators  which  are  in  turn 
supported  by  poles  either  of  iron  or  wood  according  to  local 
circumstances.  One  advantage  pertaining  to  wood  is  that  in  the 
event  of  an  insulator  breaking,  the  conductor  is  still  partially  in- 
sulated from  the  earth,  which  would  not  be  the  case  were  an  iron 
p)ole  employed.  Iron  poles  are  obligatory  for  over- house  work, 
or  where  appearance  has  to  be  taken  into  account.  The  best  pole 
is  that  which  consists  of  the  complete  trunk  of  a  straight  larch  or 
other  similar  tree,  which,  after  having  been  well  seasoned,  is 
thoroughly  impregnated  with  good  creosote.  The  natural  life  of  the 
pole  is  enormously  lengthened  by  this  treatment.  A  convenient 
compromise  is  often  effected  by  fixing  a  wooden  top  into  an  iron 
socket. 

Insulators  can  be  made  from  a  variety  of  substances,  but  for 
climatic  and  other  cogent  reasons,  white  glazed  porcelain  is  most 
frequently  employed. 

The  chief  requirements  are  hardness,  smoothness,  and  imper- 
viousness  to  moisture.  Lacking  either  of  these,  the  insulator  is 
practically  useless.  It  should  be  hard  in  order  to  resist  abrasion 
by  the  wire  ;  it  should  be  smooth  to  prevent  the  accumulation  of 
dust  and  dirt,  to  facilitate  cleansing  by  rain,  and  to  avoid  the  un- 
necessary wearing  away  of  the  conductor ;  and  it  should  be 
impervious  to  moisture,  in  order  that  the  rain  should  fall  off 
instead  of  entering  the  pores  of  the  substance  and  reduce,  more 
or  less  permanently,  its  insulating  properties. 

Brown  earthenware,  made  from  clay,  is,  taking  all  things  into 
consideration,  also  a  good  material.  It  is  very  hard,  very  dur- 
able, has  a  high  resistance,  and  the  glaze  which  it  can  take, 
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although  it  is  not  so  good  and  perfect  as  that  od  porcdain,  is 
tolerably  smooth  and  only  allows  the  rain,  unless  the  fall  is  voy 
heavy,  to  gather  in  drops  instead  of  forming  a  continuous  film,  as 
ebonite  would  da  Although  porcelain  offers  a  higher  resistance 
than  brown  earthenware,  the  material  varies  very  considerably,  bcnfa 
in  its  constitution  and  in  its  manufacture.  Some  kinds  are  almost 
spongy,  and  as  the  glaze  covers  them  there  is  no  possible  means 
of  testing,  except  by  breaking  them.  The  glaze  often  cracks  afia 
a  few  months,  and  then,  if  the  interior  is  at  all  porous,  it  absorbs 
moisture,  and  so  in  time  loses  its  insulating  properties.  \\'hen 
perfect  it  is  undoubtedly  the  best  insulator  available. 

It  must  further  be  pointed  out  that  the  insulatM'  should  be 
sufficiently  strong  to  bear  the  strain  imposed  upon  it  by  the  vire. 
^Vhen  all  is  quiet  the  insulator  has  simply  to  bear  the  weight  lA 
half  the  span  of  wire  on  either  side  of  it,  but  when  there  is  much 
wmd  the  strain  is  mcreased  considerably  by  the  swaying  of  the 
wire 

It  IS  clear,  then,  that  while  the  insulator  must  not  be  too  large 
or  heavy,  it  must  be  large  and  strong  enough  to  sustain  the  we^ti 
It  will  be  called  upon  to  bear,  and  must  have  the 
maximum  length,  with  the  minimum  area  of  sni- 
face  between  the  wire  and  the  iron  pin  tx  boh 
supporting  it 
1  Considering    the   fact    that  the  E.m.f.  in  »n 

^  '  electnc  lighting  circuit  is  comparatively  high,  ii  is 
pre  eminently  essential  that  the  insulation  shouM 
I  be  of  the  best;  parsimony  in  this  respect  is  veiv 
)  likely  to  prove  but  the  forerunner  of  disastet 
\\hen  the  line  is  straight,  so  that  normally  tboe 
is  no  lateral  strain,  and  the  conductor  is  not  more 
than  a  quarter  of  an  inch  thick,  the  insukcn 
illustrated  in  fig.  288  is  suitable.  It  usually  con- 
sists of  a  double  '  cup  '  manufactured  in  one  piecti 
The  peculiarity  about  it  is  that  it  is  provided  with 
an  open  coarse  screw  thread  by  means  of  whidi 
it  is  screwed  on  to  the  bolt,  pennanendy  fixed  to 
the  arm  or  bracket  on  the  pole.  An  india-rubber  washer,  placed 
at  the  bottom  of  the  thread  on  the  bolt,  allows  the  insulator  to  be 
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t>olt-    The  method 

"'    fixing  the  .ire 

to  an    insulator  is 

■I'ustrated   in   liB 

»»9.         The    con 

ductor    is   laid  i„ 

"^e  groove,  and  a 

piece  of  thin  bind- 
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twisted  several  times  round 
.J  conductor  on  the  other 
side  B,  after  which  it  is  wound 
oack  again,  round  the  insu- 
Mtor  once  more,  and  again 
oyer  the  conductor  on  the 
f  de  A.  Sometimes  the  bind- 
mgs  are  soldered. 

When  high  potential  dif- 
ferences are  employed,  no 
tiouble  or  expense  should  be 
spared  to  ensure  the  most 
thorough  insulation  possible. 
A  form  of  insulator  very 
laigely  employed  for  this  pur- 
pose, especially  in  humid  dis- 
tricts, where  the  risk  of  leakage 
•s  great,  is  illustrated  in  fig. 
*9o.   It  is  known  as  the  '  fluid ' 

insulator,  from  the  fact  that  a  BWI 

quantity  of  oil  is  interposed  in  the  n. 

porcelain   cup   is  bent  up  on  the  ,^      °'  'Mkage ;  the  lip  of 
inner   Bi,1.,   -_   e -: 


™  tie  iT  leakage ;  the  lip  of  the 

"^et  side  to  form  a  circular 
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channel,  in  which  the  oil  is  pl^ed  by  means  of  a  small  syphon 
capable  of  holding  the  required  quantity.  Experience  has  shovn 
that  very  little  dust  accumulates  in  the  channel,  while  the  forma- 
tion of  a  continuous  film  of  moisture  between  the  iron  bolt  and 
the  conductor  is  entirely  prevented. 

These  insulators  are  made  in  a  great  variety  of  shapes  ;  in  one 
case  there  is  a  separate  oil  cup  supported  on  a  pin  which  passes 
through  the  bolt.  When  necessarj-  the  pin  can  be  removed,  awi 
the  cup  allowed  to  slide  down  the  bolt,  for  the  purpose  of  cleanii^ 
and  refilling  with  oil ;  the  cup  can  easily  be  placed  in  posidoo 
again,  and  the  syphon  is  therefore  dispensed  with. 

In  fig.  291  is  illustrated  a  form  of  insulator,  known  as  the 
double  shackle,  which  is  useful  on  heavy  lines.     It  c 


insulators  of  porcelain  of  the  shape  shown  ;  each  has  a  stout  iron 
bolt  passing  through  it,  and  is  supported  by  a  pair  of  iron  stnps 
bolted  to  the  pole,  which,  in  the  case  illustrated,  is  of  iron.  The 
main  wire  is  looped  round  the  middle  of  each  insulator,  and  fixed 
by  a  small  binding  wire  wrapped  on  tightly.  The  straps  of  eacii 
insulator  being  independent  of  those  supporting  its  neighbouf. 
freedom  of  motion  through  a  lai^e  angle  is  permitted,  thus  rclierinc 
the  strain.  The  shackle  should  be  employed  in  all  cases  when 
the  wire  nuikes  an  angle  at  the  pole. 

When  an  insulated  aerial  conductor  is  used,  it  cannot  W 
attached  to  the  insulators  direct,  because  the  friction  which  is 
always  at  work,  would  speedily  cause  the  abrasion  of  the  insulating 
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material,  and  that  at  the  very  point  where  complete  insulation  is 
sought,  viz.,  at  the  insulator  itself.  There  is  also  the  further  diffi- 
culty that  an  ordinary  covered  cable  has  not  sufficient  tensile 
strength  to  enable  it  to  support  its  own  weight  in  a  span  of  any 


considerable  length.  In  such  cases,  a  steel ' 
is  supported  by  shackle  insulators,  and 
carries  a  number  of  split  steel  rings,  R, 
Engaging  in  each  ring  is  a  galvanized  iron 
vrire  loop  w,  which  supports  a  vulcanite 
chair  c,  and  through  which  the  cable  is 


ir  rope  s  (fig.  292), 


Sometimes  the  conductor  is  suspended 
midway  between  a  pair  of  steel  ropes  by 
means  of  V-shaped  pieces  of  iron  wire, 
each  piece  being  attached  to  three  small 
reels  of  white  porcelain  threaded  one  on  to 
the  conductor  and  the  others  on  the  ropes. 

One  of  the  most  important  details  in 
connection  with  the  running  of  electrical 
conductors  is  that  of  jointing.  The  chief  features  which  should 
pertain  to  a  weli-made  joint  are,  that  the  electrical  continuity 
should  be  fully  maintained,  that  its  mechanical  strength  should 
be  at  least  equal  to  that  of  the  conductor  itself,  that  no  free  ends 
should  be  left  on  the  finished  joint,  that  it  should  be  durable 
both  electrically  and  mechanically,  that  it  should  be  as  compact 
as  possible,  and  that  with  a  covered  wire  the  insulating  coating 
should  be  made  continuous  and  as  uniform  as  possible. 

For  solid  conductors  up  to  a  quarter  of  an  inch  or  so  in 
diameter,  there  is  no  better  joint  than  that  known  as  the 
•  Britannia  '  (fig.  293),  which  illustrates  a  joint  of  this  kind  made 


between  two  lengths  of  No.  8  b.w.c,  bound  with  No.  16.  The 
ends  of  the  two  conductors  are  carefully  scraped  and  laid  side 
by  side  for  a  distance  of  about  two  inches,  about  an  inch  or  so 
at  the  extremity  of  each  of  them,  havit^  been  previously  bent  up  at 
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right  angles  to  the  axis  of  the  wire.  They  are  then  wound  over 
tightly,  with  several  turns  of  thin  binding  wire.  The  binding  5 
commenced  on  one  of  the  wires  only,  round  which  four  or  five  turn? 
are  wound ;  it  is  then  continued  as  close  as  possible  over  the  tvo 
wires,  until  the  turned  up  portion  of  the  second  wire  is  reached, 
a  few  turns  continued  round  the  single  wire  completing  the  wiod- 
ing.  The  joint  is  finished  by  carefully  and  completely  solderiru: 
it  into  one  mass,  and  cutting  off  the  then  protruding  ends  of  tbc 
wires,  stray  pieces  of  solder,  &c.  A  joint  made  in  this  im 
approaches  as  nearly  as  possible  to  perfection,  for  its  resistance  i? 
less  than  that  of  the  other  portions  of  the  conductor,  and  its 
mechanical  strength  is  much  greater. 

The  method  of  jointing  a  covered  stranded   conductor  is 
simple.     Supposing  it  to  be  a  7 -wire  strand,  the  insulating  cover- 
ing is  removed  from  each  end  for  a  distance  of  a  few  inches,  care 
being  taken  to  avoid  nicking  the  copper.     All  the  separate  wii« 
are  then  opened  out  and  the  centre  wire  on  each  of  the  ends  to 
be  joined,  is  cut  off  short.     The  two  sets  of  wires  are  next  brough: 
end  to  end,  and  laced  together,  just  as  would  happen  when  two 
hands  are  placed  palm  to  palm,  and  the  fingers  of  one  Itrnd 
placed  between  those  of  the  other.     This  being  done,  the  protrud- 
ing en  s  of  each  conductor  are  wrapped  closely  round  the  oths; 
the  two  wrappings  being  in  opposite  directions.     The  joint  is  ttt? 
trimmed  round  with  the  pliers,  and   the  whole   well   soldtreii 
together.     The  soldering  is  a  more  important  matter  than  wcmd 
at  first  sight  appear,  since  the  solder  is  relied  upon  to  maiDU.^ 
the  electrical  continuity.     Every  care  should  therefore  be  taikii 
that  the  copper  surfaces  are  scraped  clean  before  making  the  joir- 
that  they  are  not  handled  more  than  is  absolutely  necessary,  a*' 
that  steps  should  be  taken,  as  far  as  possible,  to  prevent  oxicky:^- 
A  very  good  plan  is  to  use  tinned  wire,  and  to  employ  only  res: 
as  a  flux.     The  conductor-joint  having  been  completed,  the  ;" 
sulating  covering  is  then  made  good.      If  the  material  is  gi:t=- 
percha,  the  conductor  is  wrapped  with  several  layers  of  gcs 
percha  tissue  which  is  softened  by  warming  with  a  spirit  lamp,  »c 
kneaded  by  the  fingers  to  expel  air  bubbles.     A  few  laytis  u 
gutta-percha  strip  are  afterwards  similarly  applied,  warmed  val 
surfaced  up  with  a  warm  metal  tool,  prepared  tape  being  wonri 
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on  to  complete  the  joint  When  the  insulating  material  is  india- 
rubber,  strips  of  pure  rubber  are  employed  instead  of  gutta* 
percha. 

When  the  conductors  are  to  be  laid  underground,  the  chief 
difficulty  to  be  contended  with  is  the  provision  of  efficient  and 
durable  insulation.  The  simplest  method  is  to  support  the  bare 
conductor  by  suitable  insulators,  after  the  manner  described  in 
Chapter  XII.  The  distance  between  the  insulators  depends 
either  upon  the  rigidity  of  the  conductor,  or  upon  the  tension 
which  it  can  withstand  Since  every  insulator  is  a  point  of  leak- 
age it  is  obviously  necessary  that  their  number  should  be  reduced 
as  far  as  possible. 

In  some  electric  lighting  installations  the  bare  conductors  are 
supported  by  ordinary  porcelain  insulators  fixed  in  a  brickwork 
conduit  with  a  concrete  lining.  In  others,  such  as  that  in  the 
Pall  Mall  district  (London),  in  which  the  three-wire  system  is  em- 
ployed, the  mains  are  carried  in  underground  channels  almost 
oblong  in  section,  and  made  of  cast-iron.  At  the  junction  of 
adjacent  lengths  a  groove  is  formed  in  the  sides  of  the  channel,  in 
which,  at  right  angles  to  the  length  of  the  channel,  is  fitted  a  stout 
porcelain  slab.  The  under  edge  of  the  slab  is  arched  to  allow  the 
free  flow  of  water  along  the  bottom  of  the  channel.  The  slab 
has  also  three  deep  vertical  slots  across  the  top,  the  centre  one 
being  somewhat  narrower  than  the  other  two.  Each  conductor 
consists  of  a  number  of  bare  copper  strips  placed  edgeways  in  the 
slots,  and  drawn  tight  enough  to  prevent  contact  laterally,  while 
the  depth  of  the  strip  is  sufficient  to  prevent  sagging.  The 
centre  conductor  is  formed  of  fewer  strips  than  the  outer  mains ; 
while  the  conductivity  of  all  of  them  can  readily  be  reduced 
beyond  the  points  where  branch  circuits  tap  the  mains,  by  reduc- 
ing the  number  of  strips.  Long  experience  with  underground 
chambers  and  channels,  such  as  are  employed  for  many  other 
purposes,  has  shown  that  it  is  impossible  to  prevent  the  accumula- 
tion of  water  within  them ;  hence  the  necessity  for  amply  provid- 
ing for  the  ready  escape  of  water,  that  is  to  say,  the  conduit  must 
be  well  drained  Electric  light  engineers  have  not  yet  had  a  suffi- 
ciently lengthy  experience  to  enable  them  to  appreciate  fully  the 
real  difficulties  which  await  them,  such  as  those  due  to  the  corro- 
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sion'of  the  iron  and  the  falling  of  scale  from  the  roof  and  si<ks 
of  the  channel ;  and  to  the  incrustations  and  fungoid  growths 
which  manifest  themselves  in  damp  underground  chamben.  It 
would  appear  to  be  essential  that  good  drainage  should  be  supple- 
mented by  ample  ventilation.  Even  were  a  conduit  to  be  made 
water-tight  there  would  still  be  sufficient  moisture  caused  by  con- 
densation to  oxidise  the  iron  and  make  the  surfaces  of  the  insula- 
tors damp  ;  although  the  ^lassage  of  a  heavy  leakage  current  tends 
to  dry  the  surface  over  which  it  passes. 

It  will,  however,  be  evident  that  were  the  pipe   containicg 
the  conductors  filled  with  some  good  liquid  insulating  materia], 
this  accumulation  of  moisture  with  the  attending  disadvantages 
would  be  avoided     Paraffin  oil  is  a  liquid  which  has  remarkabl? 
high  insulating  properties,  and  is,  therefore,  available    for  this 
purpose,  but  with  a  conduit  constructed  in  the  ordinary  way,  die 
quantity  of   oil   required  would    be  enormous.      On   account, 
however,  of  its   high  specific  resistance,  a  thin  film  suffices  to 
prevent  leakage  from  one  conductor  to  another,  even  though  the 
potential  difference  between  them  be  very  great.     The  Brooks 
system  is  based  upon  this  principle.     So  far  the  only  application 
of  it  in  this  country  has  been  to  telegraphy,  where,  however,  ii 
has  proved  to  be  both  reliable  and  economical  under  almost  the 
worst  possible  conditions.     A  cable  was  made  of  forty  cotton - 
covered    copper  wires  of   about   No.  i8  b.w.g.       These  wert 
bound  round  with  ordinary  braid  and  drawn  into  a  wrought-inMi 
pipe  of  about  ij  inch  internal  diameter,  the  length  of  the  able 
being  about  i^  mile.     The  ends  of  the  pipe  by  which  the  cable 
enters  and  leaves    were  sealed  for  a  distance  of  two  or  three 
yards  with  paraffin  wax,  and  paraffin  oil  was  then  supplied  from 
a  reservoir  placed  at  one  end  at  such  a  height  as  to  be  abo%'e  the 
level  of  the  other  end.     The  joints  in   the  pipe  were   made  a.< 
secure  as  possible,  but  for  some  time  the  line  was  subject  to 
a  series  of  faults,  caused  by  the  leakage  of  the  oil.     The  aveia^e 
loss  may  be  put  down  at  about  thirty  gallons  a  month,  although 
from  February  to  September  1889  only  thirty  six  gallons  had  to 
be  added.     It  is  essential  that  the  pipe  should  be  not  only  water- 
tight, but  also   paraffin-tight.     The  paraffin   has,  in   fact,  been 
known  to  exude  through  the  iron  itself,  and  stand  in  small  beads 


CHAP.  xvn.  Underground  Mains  597 

on  the  outer  surface ;  hence  the  necessity  for  using  the  best 
wrought-iron  pipes.  The  chief  objection  to  the  system,  the 
insulation-resistance  of  which  is  almost  infinite,  is  that  it  affords 
few  or  no  facilities  for  branching  or  T-ing. 

The  insulation-resistance  being  practically  infinite,  the  system 
merits  the  serious  attention  of  electric  light  and  power-trans- 
mission engineers ;  but  in  cases  where  the  mains  are  tapped  at 
frequent  intervals,  the  difficulty  of  making  the  branch  connections 
will  probably  prove  a  serious  drawback.  In  telegraph  work,  when 
two  or  more  of  the  conductors  get  into  contact,  through  the 
leakage  of  the  oil,  the  fault  is  removed  by  refilling  the  reservoir, 
and  so  forcing  more  oil  into  the  pipe ;  but  a  serious  accident  might 
arise  from  such  a  fault  were  the  conductors  to  be  employed  for 
the  transmission  of  heavy  currents  or  currents  of  high  potential 
difference.  Some  substance  other  than  paraffin  wax  would  also  be 
required  for  sealing  purposes,  for  were  the  conductors  to  become 
heated  through  a  short-circuit,  the  wax  would  be  melted  and  the 
oil  allowed  to  escape. 

Another  method  of  insulating  underground  conductors,  and 
the  one  generally  adopted,  is  to  cover  the  copper  with  some 
durable  substance  of  high  specific  resistance,  such  as  india-rubber 
or  gutta-percha. 

In  all  such  cases  it  is  essential  not  only  to  efficiently  insulate 
the  conductor,  but  also  to  protect  the  insulating  covering  from 
deterioration  by  exposure,  and  to  protect  the  whole  cable 
from  mechanical  injury.  When  these  points  are  very  carefully 
attended  to,  an  installation  with  insulated  underground  cables  for 
the  mains  is  very  reliable,  and  gives  little  or  no  trouble  in  main- 
tenance. But  carelessness  in  manufacture  or  laying,  or  the  use  of 
inferior  materials,  gives  rise  to  troublesome  and  most  expensive 
repairs. 

At  present  there  is  a  tendency  towards  false  economy  in  this 
matter.  A  thin  covering  of  the  insulating  material  is  placed  over 
the  conductor,  and  when  new  and  absolutely  perfect  the  insulation 
may  test  higher  than  is  actually  essential  in  practice.  But  the 
slightest  indentation  or  abrasion  of  the  covering,  such  as  may 
easily  happen,  and  does  happen,  in  handling  during  the  process  of 
laying,  even  if  it  does  not  quite  expose  the  copper,  leaves  such 
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a  weak  spot  that  the  development  of  a  *  fault '  there,  becomes  only 
a  question  of  time.  The  insulating  covering,  of  whatever  material, 
should  be  of  reasonable  thickness,  not  so  much  for  the  purpose 
of  obtaining  an  extremely  high  initial  insulation-resistance,  as  to 
ensure  its  maintenance  at  a  fairly  good  value.  Gutta-percha  must 
be  used  with  caution.  If  not  exposed  to  light  and  air  it  is  prac- 
tically imperishable,  and  it  may  therefore  be  used  with  advantage 
under  conditions  which  are  at  all  similar  to  those  obtaining  in  the 
case  of  a  submarine  telegraph  cable ;  but  it  quickly  cracks  and 
perishes  if  employed  in  a  dry,  airy  situation.  In  such  cases 
india-rubber  would  be  preferable  ;  but  for  underground  work  pure 
and  simple  there  is  very  little  to  choose  between  these  two  sub- 
stances. With  rubber,  the  copper  requires  to  be  tinned  in  order 
to  protect  it  against  the  sulphur  which  rubber  insulation  usually 
contains.  Gutta-percha,  however,  softens  at  a  lower  temperature 
than  does  india-rubber,  and  hence  is  more  likely  to  allow  the  con- 
ductor to  become  decentralised  when  heated  by  the  current 

These  materials  are  the  best  available  for  insulating  purposes, 
but  they  are  expensive,  and  a  large  number  of  substitutes  have  been 
introduced.  Some  of  them  are  fibrous  in  their  constitution,  and 
are  impregnated  with  an  insulating  oil.  Their  specific  resistances 
are  lower  than  those  of  percha  or  rubber,  but  this  is  not  a  serious 
drawback  provided  the  coating  is  sufficiently  thick.  They  are  not 
as  a  rule  impervious  to  moisture,  and  require  therefore  a  water- 
proof covering. 
.  In  some  instances  the  temperature  at  which  the  compound 
softens  is  very  high,  whence  the  tendency  to  decentralisation  ]& 
reduced. 

Bitumen  is  a  good  insulating  material,  but  it  softens  at  a  low 
temperature,  and  even  at  normal  temperatures  it  is  so  plastic  that 
the  weight  of  the  conductor  itself  would  cause  it  to  sink  through 
the  coating.  The  processes  employed  by  the  Callender  Bitumen 
Co.  overcome  these  objections.  The  material  is  vulcanised  or 
treated  with  sulphur,  with  the  result  that,  while  retaining  its  high 
insulating  properties,  it  becomes  rigid  and  holds  the  wire  per- 
manently in  position,  even  though  the  temperature  of  the  con- 
ductor be  considerably  raised.  The  conductor  is  usually  of 
stranded  copper  wire,  tinned  to  protect  it  from  the  sulphur.     It  \& 
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first  coated  with  a  sheath  of  the  vulcanised  bitumen,  applied  under 
heavy  pressure  in  one  solid  layer  to  the  required  thickness.  This 
sheathing  is  then  covered  with  cotton  tape  treated  with  bitumen, 
the  number  of  layers  ranging  from  one  to  five  ;  the  cable  is  passed 
through  a  bath  of  hot  compound  after  each  serving  of  tape.  The 
next  process,  for  underground  cables,  is  to  apply  a  coating  of  jute 
yam,  and  after  another  passage  through  the  bath  to  cover  it  with 
hemp  braid.  Most  of  the  cables  are  subjected  to  this  treatment, 
the  higher  degrees  of  insulation  being  obtained  by  increasing  the 
thickness  of  the  dielectric — that  is,  of  the  vulcanised  bitumen.  For 
the  smaller  cables,  such  as  are  employed  for  indoor  work,  a  layer 
of  parchment  tape  is  interposed  between  the  conductor  and  the 
bitumen. 

For  important  underground  work  the  company  has  three  dis- 
tinct systems,  the  cables  in  all  such  cases  being  made  as  already 
described  with  the  higher  degree  of  insulation.     In  the  first  of 
these  systems,  a  rectangular  cast-iron  trough  is  laid  in  a  trench. 
The  troughing  is  made  in  six-foot  lengths,  the  thickness  of  the 
metal  ranging  from  three-  to  five-sixteenths  of  an  inch  ;  the  internal 
dimensions  vary  according  to  the  number  and  size  of  the  cables, 
but  in  all  cases  the  cable  is  kept  at  some  considerable  dis- 
tance from  the  iron.     One  end  of  each  length  of  the  troughing 
fits  into  a  socket  made  at  the  adjacent  end  of  its  neighbour.    The 
two  lengths  are  then  bolted  together  and  the  joint  sealed  with 
bitumen.     The  cables  are  supported  by  a  number  of  wooden 
bridges,  generally  placed  at  intervals  of  two  feet     Each  bridge 
before  being  placed  in  position  is  treated  with  bitumen,  and  has 
two  or  more  vertical  slots,  according  to  the  number  of  cables,  each 
slot  being  rounded  at  the  bottom,  and  just  wide  enough  to  fit  the 
cable.     A  small  quantity  of  natural  or  unvulcanised  bitumen  is 
run  along  the  trough,  and  the  bridges  are  imbedded  in  it  before  it 
solidifies.     The  cables  are  then  laid  in  position  in  their  respective 
slots,  the  dimensions  of  the  wood  being  sufficient  to  keep  them  well 
clear  of  each  other  and  of  the  iron.   The  trough  is  next  filled  up  with 
pure  bitumen  and  covered  in  with  a  one-inch  layer  of  concrete,  or 
an  iron  lid.     It  may  be  urged  as  an  objection  to  this  system  that, 
the  cables  having  been  once  laid,  cannot  in  the  event  of  a  fault 
occurring  be  withdrawn  ;  but,  on  the  other  hand,  the  system  permits 
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of  such  good  work  being  put  in  that  the  chances  of  a  breakdown 
can  be  made  very  remote. 

The  second  of  these  systems  is  designed  to  allow  the  cables, 
which  are  similar  to  those  used  in  the  previous  case,  to  be  with- 
drawn separately.  The  channelling  consists  of  blocks  of  bituminots 
concrete  made  in  six-foot  lengths  and  jointed  by  a  saddle-piece  of 
the  same  material.  The  blocks  are  provided  with  longitudinal 
circular  holes  or  *ways,'  varying  in  size  and  number  according 
to  the  requirements,  but  only  one  cable  is  placed  in  each  way.  In 
most  cases  there  are  either  two,  three,  or  four  ways,  the  diameters 
most  frequently  employed  being  i^,  2,  or  2^  inches. 

Draw-boxes  are  provided  at  convenient  intervals,  and  the  blocks 
having  been  fixed  together  in  the  trench,  the  cables  are  drawn  in. 
This  system  has  also  the  advantage  that,  should  the  cable-covering 
fail  or  give  way,  serious  damage  is  prevented  from  the  fact  that  the 
supporting  material,  i.e.  the  bituminous  concrete,  is  a  good  insulator. 

The  *  saddle-pieces '  embrace  the  sides  and  bottom  of  the 
blocks,  and  are  provided  with  two  grooves  (one  on  either  side  of 
the  joint),  which  are  filled  with  bitumen. 

In  the  third  system  the  insulating  material  is  fibrous  in  its 
constitution  and  is  sheathed  in  lead.  Over  the  conductor  is  wound 
a  layer  of  parchment  tape.  Next  to  this  is  applied  a  rather  thick 
layer  of  fine  yarn,  which  has  been  dried  at  a  very  high  tempeiatuie 
and  then  impregnated  with  boiling  bitumen  under  pressure.  The 
characteristic  feature  of  this  cable  consists,  in  fact,  in  the  pro- 
cesses adopted  for  the  complete  exclusion  of  moisture  and  air. 
Immediately  after  the  impregnation  is  completed,  and  while  the 
bitumen  is  still  hot,  the  lead  sheathing  is  put  on  direct  with  the 
aid  of  hydraulic  pressure.  The  subsequent  treatment  varies  with 
circumstances,  but  it  is  usually  necessary  to  protect  the  lead 
from  mechanical  injury  and  the  chemical  effects  of  certain  soHn 
For  these  purposes,  the  lead  is  passed  through  an  asphake  bath 
and  is  then  served  with  steel  wire  or  ribbon,  which  is  also  covered 
with  bitumenised  tape  or  braid. 

We  have  already  described  the  method  of  making  the  splayed 
or  long  joint  for  stranded  conductors,  but  in  all  Callender  cables 
another  form,  known  as  the  *  marriage '  joint,  is  employed ;  a  portion 
of  the  joint  is  illustrated  in  fig.  294.     More  skill  and  time  are 
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required  to  make  this  joint  than  are  involved  in  the  ordinary 
joint,  but  it  has  the  advantage  that  the  conductor  is  of  uniform 
diameter  throughout.  It  is  also  very  strong  and  electrically  good. 
E)ach  strand  is  wound  separately  round  the  others  and  is  cut  to 
such  a  length  that  it  abuts  against  the  end  of  a  strand  from  the 
other  side  of  the  joint.  The  end-to-end  abutments  occur  at 
regular  intervals,  as  can  be  gathered  from  (he  illustration ;  and  the 
whole  is  well  soldered.    The  covering  is  made  good  by  pieces  of 
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materials  identical  with  those  already  on  the  cables.  In  the  case 
of  the  lead  sheathing,  an  ordinary  wiped  joint  might  be  employed, 
but  owing  to  the  uncertaintyof  always  obtaining  reliable  plumbing 
work  this  method  is  not  adopted.  The  cable  ends  are  led  through 
holes  in  the  ends  of  a  cast  iron  joint-box,  which  after  the  ordinary 
insulatmg  coatmg  has  been 
made  good,  is  filled  up 
with  bitumen  A  similar 
boi,  provided  with  three 
holes,  IS  used  at  a  T  joint 

A  good  type  of  electric 
lighting  cable  is  manufac 
tured  by  Messrs  Felten  & 
Guilleaume  one  form  of 
which  designed  for  one  of 
the  mains  on  a  three  wire 
circuit  for  incandescent 
lighting  IS  illustrated  in  lig 
295  The  stranded  core 
of  high  conductivit)  copper 
is  insulated  with  a  layer  of 

impregnated  iibre,  the  thickness  of  which  is  about  one-third  the 
diameter  of  the  conductor.  Outside  the  fibre  two  coverings  of 
lead  are  placed,  as  indicated  by  the  black  concentric  circles  in  the 
figure.     Over  this  is  a  layer  of  jute  treated  with  an  impervious 
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compound ;  and  mechanical  protection  is  afforded  by  a  double 
sheathing  of  iron  ribbon  (shown  white),  the  external  covering  being 
another  serving  of  the  impervious  compound.  This  cable  was 
constructed  to  be  laid  bare  in  a  trench,  and  it  contains  the  pilot 
wires  which  are  necessary  on  an  extensive  parallel  system.  These 
two  wires  can  be  seen  on  the  left  of  the  conductor ;  they  are  of 
thin  copper  insulated  with  gutta-percha. 

The  lead  sheathing  is  drawn  on  cold  at  an  enormous  pressure, 
and  squeezes  the  fibre  insulation  into  a  solid  mass.  The  two 
coatings  of  lead  afford  greater  security  against  a  small  imperfection 
than  could  be  obtained  by  a  single  coating  with  the  same  weight 
of  metal. 

When  the  cables  are  laid  in  an  iron  troughing,  the  iron  sheath- 
ing is  dispensed  with,  and  the  pilot  wires  are  laid  separately. 

Wires  inside  a  building  must  be  efficiently  protected  to  avoid 
damage  or  accident,  as  well  as  to  maintain  the  insulation.  A 
good  plan  is  to  run  the  wires  along  parallel  grooves  in  a  wood 
casing,  as  it  is  usually  stipulated  that  the  coverings  of  the  two 
conductors  should  always  be  separated  by  an  indep>endent  solid 
insulating  substance.  When  it  is  necessary  for  one  wire  to  cross 
another,  a  slip  of  wood  is  interposed.  The  casing  can  be  made  in  a 
variety  of  forms,  and  if  necessary  can  match  the  beading  or  cornice. 

India-rubber  covered  with  braided  cotton  forms  about  the 
best  material  for  insulation  for  indoor  work.  Gutta-percha,  for 
the  reasons  already  enumerated,  is  less  suitable,  although  its  life 
can  be  considerably  lengthened  by  protecting  it  from  the  atmo- 
sphere, which  can  be  accomplished  by  carefully  covering  it  with 
tarred  tape. 

We  have  already  described  certain  pieces  of  measuring  appa- 
ratus, but  there  are  a  number  of  other  internal  fittings  which  now 
claim  attention. 

The  switch  is  a  piece  of  apparatus  which  is  in  constant  use, 
and  for  a  variety  of  purposes,  but  chiefly  to  form  a  ready  and  ex- 
peditious means  of  making  and  breaking  a  circuit  The  extension 
of  the  electric  light  has  engendered  a  considerable  development 
in  the  constructional  details  of  such  instruments,  but  in  almost  all 
cases  the  same  general  objects  have  been  kept  well  in  view.  The 
forms  of  switch  in  use  prior  to  1878,  from  which  time  the  revi^-al 
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of  electric  lighting  may  be  said  to  date,  are  altogether  inadequate 
for  present  purposes,  mainly  on  account  of  the  large  currents 
which  they  are  required  to  carry,  and  the  high  potential  differences 
which  may  exist  between  the  different  portions  of  the  apparatus. 

In  order  that  a  switch  may  be  capable  of  efficiently  performing 
its  functions,  its  metallic  parts  must  be  sufficiently  massive  to  carry 
the  required  current  without  heating  or  offering  any  appreciable 
resistance ;  the  contact  surfaces  must  for  similar  reasons  be  exten- 
sive ;  the  moving  contact  piece  must  press  firmly  on  to  the  fixed 
one ;  and  simple  striking  contacts  must  give  place  to  rubbing 
contacts,  to  avoid  partial  insulation  through  accumulation  of  dust 
and  metallic  oxide  films.  The  circuit  should  not,  when  otherwise 
practicable,  be  completed  through  the  axle  upon  which  the  rotating 
arm  travels,  unless  a  good  independent  rubbing  contact  between 
the  axle  and  the  bearing  is  provided,  as  dirt,  oxide,  &c.,  are  liable 
to  accumulate  at  the  bearing  surfaces,  and  in  time  impair  the 
efficiency  of  the  switch. 

The  switch  should  be  so  constructed  that  there  is  the  minimum 
abrasion  and  wearing  compatible  with  good  and  certain  contact, 
and  such  parts  as  do  wear  away  should  be  easily  adjustable  or 
cheaply  renewable,  so  as  to  permit  the  re-establishment  of  good 
contact  In  all  cases,  but  more  especially  for  currents  of  high 
E.M.F.,  the  lever  should  be  provided  with  a  handle  of  insulating 
material.  The  terminals  should  never  be  so  placed  that  in  turn- 
ing the  handle  there  is  any  chance  of  the  instrument  being  short- 
circuited  by  the  operator's  hand.  When  contact  is  broken  the 
current  (especially  if  the  circuit  contains  any  apparatus  having 
considerable  self-induction)  sparks  across  the  air  space  in  the 
eflTort  to  continue  its  course,  volatilising  a  portion  of  the  metal 
surfaces.  After  such  an  *  arc  *  has  been  once  established  its 
maintenance  is  not  a  matter  of  great  difficulty  ;  and  it  is  evident 
that  such  an  arc  is  quite  competent  to  start  a  serious  fire,  besides 
in  any  case  damaging  the  switch  contacts.  It  is  advisable  to  pro- 
vide a  snap- action,  so  that  the  lever  is  set  decidedly  either  on  or 
off  the  fixed  contact,  the  spring  being  so  arranged  that  the  lever 
is  jerked  quite  away  when  it  is  turned  almost  out  of  contact  The 
actual  sparking  can  in  a  great  measure  be  prevented  by  causing 
the  contact  to  be  broken  gradually  instead  of  suddenly.    The 
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movable  contact  can  be  made  to  quickly  travel  o^-er  a  set  of  fixed 
contacts,  throwing  more  resistance  in  circuit  at  each  step,  until  the 
current  has  become  so  low  that  it  is  incompetent  to  cause  a  serious 
spark.  Such  a  device  need  only  be  used  in  special  cases.  The 
contact  surfaces  can  easily  be  protected  by  arranging  two  carbon 
rods,  placed  end  to  end,  as  a  shunt,  and  allowing  the  contact 
between  the  two  carbons  to  be  broken  just  after  that  between 
the  metallic  surfaces.  The  sparking  then  occurs  at  the  carbon 
surfaces,  and  the  rods  can  easily  be  renewed  when  necessary.  The 
base  of  the  instrument  should  be  of  some  good  insulating  material, 
not  liable  to  warping  or  appreciable  expansion  or  contraction. 
Wood  should  therefore  be  used  with  caution. 

What  is  required  is  a  material  which  is  non-inflammable,  a 
good  insulator,  does  not  readily  condense  moisture,  or  facilitate 
the  accumulation  of  dust  and  dirt.  Slate  is  a  good  material  if  free 
from  impurities,  such  as  mineral  streaks  or  veins  ;  glazed  porcelain 
condenses  moisture  freely,  and  is  brittle,  the  latter  objection  also 
applying  to  serpentine. 

With  these  introductory  remarks  we  can  describe  a  few  of  the 
various  forms  of  switch  now  in  use.  The  'ring'  contact  switch 
(fig.   196)  is  undoubtedly  one  of  the  best  for  carrying  heaiy 


currents.  It  is  mounted  on  a  slate  base,  each  terminal  clip  con- 
sisting of  a  number  of  split  brass  rings  placed  inside  one  another, 
the  contact  being  made  by  forcing  the  connecting  bar  into  the  gap 
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in  the  rings.  This  bar,  which  is  a  strip  of  stout  brass  with,  in  the 
particular  form  illustrated,  the  ends  bent  round,  is  provided  with 
substantial  wooden  handles.  As  the  contact  surfaces  wear  away, 
the  gap  can  be  reduced  by  tightening  up  the  bolt  which  it  will  be 
seen  passes  across  the  vertical  diameter  of  the  rings.  Lugs  cast 
on  to  the  under  side  of  the  outer  rings  extend  beyond  the  base, 
dnd  are  bolted  to  terminals  underneath,  or  to  tubular  holders 
into  which  the  main  wires  can  be  soldered.  It  will  be  seen  that 
this  form  of  switch  practically  answers  every  requirement,  the 
safest  possible  connection  being  obtained,  and  the  contact  sur- 
faces  being  self-cleaning.  It  is  made  to  carry  currents  up  to 
1,000  amperes. 

Messrs.  Woodhouse  &  Rawson  also  make  an  excellent  form  of 
switch,  shown  in  fig.  297.     The  switch  bar  consists  of  a  number 


of— in  this  case  four — bent  strips  of  hard  brass,  which  rub  on  to 
fixed  blocks  of  a  similar  material.    The  edges  of  these  blocks  are 
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bevelled,  to  prevent  the  bar  jarring  against  them,  and  at  the  same 
time  to  allow  it  to  slide  fully  on  to  them,  although  the  pressure  is 
considerable.  The  switch  has  a  quick  break,  almost  instantaneous, 
owing  to  the  action  of  a  bent  spring,  which  is  compounded  of  four 
steel 
project! 


the  posi 


ihown  in  the  figure.  This  si»ing  presses  against  a 
ion  from  the  axle,  which  is  edge-on  when  the  switch  is  in 
tion  shown,  but  which  with  a  small  movement  is  presented 
obliquely  to  the  spring,  allowing  the  latter  to  jerk  the  ann  awaj, 
clear  of  the  contact  blocks.  These  switches  are  provided  with 
metal  covers  which  are  fixed  by  a  bayonet  joint. 

Fig.  298  shows  a  modification  which  is  made  to  carry  up  to 


500  amperes.  The  contact  arm  or  bar  is  made  of  several  brass 
strips  the  extremities  of  which  move  over  stout  contact  plaies 
fixed  to  the  slate  base.  This  is  a  '  three-way '  switch,  the  coniad 
block,  shown  under  the  handle,  being  sufficiently  large  to  alio* 
the  arm  to  complete  the  circuit  from  it  to  one  or  other  of  the  fo 
blocks  near  the  opposite  end  of  the  arm.  The  circuit  can  also  he 
completely  disconnected,  in  which  case  the  arm  should  beuiadi; 
10  rest,  in  the  intermediate  position,  on  a  pair  of  smalt  plates,  o"^ 
of  which  can  be  seen  in  the  front  of  the  figure. 

Fig.  299  illustrates  a  somewhat  similar  switch  for  enabling 
extra  secondary  cells  to  be  placed  in  or  out  of  circuit,  one  by  one, 
during  charge  or  discharge,  as  the  arm  is  made  to  rotate.    The 


short-circuiting  of  a  cell  is  prevented  by  a  coil  of  wire  of  suitable 
resistance  mounted  on  a  vulcanised  fibre  frame  below  the  slate 
base,  the  whole  switch  being  fixed  on  a  hollow  cast-iron  frame, 


perforated  in  several  places  to  allow  a  free  current  of  air  to  pass 
through  it. 

Another  very  useful  form  of  switch  is  that  in  which  the  movable 
arm  consists  wholly  or  in  part  of  thin  flexible  copper  strips,  screwed 
firmly  into  square  tubes  or  sockets,  and  rubbing  edgeways  over 
sohd  brass  or  copper  blocks.  In  one  such  switch  the  arm  consists 
of  a  stiff  flat  spring  terminating  in  square  holders,  in  which  the 
flexible  brushes,  composed  of  a  great  number  of  strips,  are  held 
by  set  screws.  This  type  has  the  advantage  that  there  is  always 
an  extensive  contact  surface,  that  adjustment  is  easy,  that  the 
brushes  are  comparatively  inexpensive,  and  that  they  can  be  readily 
removed  for  cleaning  or  renewal. 

In  another  switch  of  this  l)-pe  the  arm  consists  of  a  large  bundle 
of  long  flexible  copper  strips,  passed  through  a  rectangular  hole  in 
the  axle  and  fixed  firmly  in  position  by  screws.  In  this  case  the 
brushes  rub  against  the  inner  vertical  faces  of  the  fixed  blocks, 
instead  of  over  the  upper  horizontal  surface. 

A  switch  of  some  kind  is  required  in  connection  with  every 
incandescent  lamp  or  group  of  lamps,  and  of  this  class  there  is  a 
vast  number  in  use,  many  of  them  being  simple  forms  of  those 
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already  described.  Fig.  300  shows  one  made  by  Messrs.  Fowls, 
Lancaster  &  Co.,  in  which  the  wires  are  connected  to  a  pair 
of  brass  blocks  which  in  their  turn  are  connected  to  two  loi^ 
flat  springs,  whose  free  ends  ride  over  projections  on  the  wood  or 
ebonite  bar  a  b.  Each  of  these  projections  consists  of  two  paits, 
one  being  a  non-conductor  and  the  other  brass.  In  the  diagram 
the  flat  springs  rest  on  the  two  insulating  studs,  but  on  pushir^ 
A  B  inwards  towards  the  left,  the  springs  ride  over  and  make  con- 
tact with  the  brass  studs,  which  being  but  the  ends  of  a  shon 
brass  rod  passing  through  a  b,  complete  the  circuit  of  the  lamp. 


Fig.  301  illustrates  a  class  of  switch  known  as  a  wall  socket, 
which  is  useful  in  cases  where  it  is  required  to  place  a  movable 
lamp  in  circuit  at  one  or  other  of  a  number  of  positions,  in  such 
places  as  cellars,  workshops,  libraries,  ship's  bunkers,  etc  The 
leads  are  joined  to  a  pair  of  terminals  in  the  lower  block,  which 
is  permanently  fixed  in  position.  The  upper  or  movable  block 
carries  the  lamp,  the  terminals  of  which  are  connected  to  two  split 
spring  plugs,  which  can  he  pushed  into  the  socket  piece  and  so 
complete  the  circuit  through  the  lamp. 

Highly  important  as  switches  undoubtedly  are  in  an  electric 
light  circuit,  cut-outs  can  scarcely  be  said  to  be  less  so.  The 
function  of  a  cut-out  is  primarily  to  prevent  damage  being  done  to 
the  apparatus,  the  leads,  or  the  building  in  which  they  are  placed, 
by  means  of  an  unduly  strong  current ;  and  the  way  in  which  it 
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afifords  this  protection  is  by  automatically  disconnecting  the  circuit 
when  the  current  from  some  cause,  accidental  or  otherwise,  ex- 
ceeds a  certain  pre-determined  limit. 

There  may  be  said  to  be  two  species  of  cut-outs,  (a)  those 
actuated  by  an  electro-magnet,  and  (b)  those  consisting  of  a  piece 
of  wire  or  foil  which  melts  or  fuses  with  a  current  of  definite 
strength. 

A  magnetic  cut-out  consists  essentially  of  a  coil  of  wire  placed 
in  the  main  circuit  and  provided  with  a  movable  core,  or  armature, 
to  which  is  attached  a  strip  of  metal  also  forming  a  part  of  the  main 
circuit.  When  the  current  rises  above  the  prescribed  strength, 
the  coil  attracts  its  core  or  armature  with  sufficient  force  to  draw 
away  the  strip  and  break  the  main  circuit.  But  it  is  necessary  for 
the  contact  made  by  the  strip  with  the  ends  of  the  main  circuit  to 
be  very  good  and  also  frictionless,  otherwise  the  pull  required  to 
break  contact  would  be  liable  to  vary.  In  the  best  instruments 
the  two  ends  of  the  main  circuit  terminate  in  cups  which  are  partly 
filled  with  mercury.  A  horse-shoe  shaped  copper  rod  is  attached  at 
its  centre  to  the  armature,  and  each  leg  dips  into  one  of  the  mercury 
cups.  The  contact  is  thus  reliable,  but  there  is  a  chance  of  serious 
sparking  occurring  at  the  mercury  surface  when  the  contact  is 
broken  with  a  heavy  current,  especially  if  any  large  electro-magnet 
having  considerable  self-induction  is  included  in  the  circuit.  I'he 
advantages  of  such  a  cut-out  are,  that  it  can  readily  be  adjusted  to 
act  with  certainty  with  any  given  current,  either  by  varying  the  ten- 
sion of  an  antagonistic  spring,  or  by  altering  the  centre  of  gravity 
of  the  moving  piece.  It  can  also  be  arranged  to  automatically  re- 
store the  connection  when  the  current  falls  again  to  a  safe  value. 
Although  this  latter  arrangement  is  not  as  a  rule  adopted,  the 
apparatus  can  be  immediately  restored  to  its  normal  state  by  hand, 
when  the  cause  of  the  rise  in  the  current  has  been  discovered  and 
removed.  It  is  manifest  that  the  resistance  of  the  apparatus  must 
be  kept  extremely  low  to  avoid  serious  loss  of  power.  It  requires 
a  certain  amount  of  attention  and  is  expensive  compared  with  the 
type  next  to  be  considered,  viz,  the  simple  fuse. 

A  fuse  can  be  constructed  so  as  to  offer  very  little  resistance, 
and  therefore  to  absorb  but  little  power.  It  must  of  course 
offer  some  resistance,  since  it  is  owing  to  the  heat  developed  by 
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the  current  in  overcoming  this  resistance  that  the  fuse  is  melted 
Obviously  a  fuse  made  of  a  metal  which  has  a  low  melting  point 
requires  comparatively  little  electrical  energy  to  raise  it  to  a  state 
of  fusion  ;  and  hence  a  fuse  composed  of  such  a  metal  may  be 
made  of  lower  resistance,  and  so  absorb  less  power,  than  if  a  metal 
with  a  high  melting  point  (such  as  platinum,  2,000®  C.)  were 
employed.  In  fact,  with  a  well-designed  fuse  the  chief  cause  of 
loss  of  power  is  likely  to  be  in  the  careless  connection  of  its 
extremities  to  the  terminals  of  the  main  circuit. 

Such  a  cut-out  has  no  working  parts  likely  to  get  out  of  order 
or  to  need  any  attention,  is  very  inexpensive,  and,  if  properly 
designed,  can  be  relied  upon  to  act  when  the  current  reaches  any 
particular  strength,  or  at  any  rate  within  about  5  per  cent  of  it 

The  fuse  must  be  designed  so  as  to  break  promptly  and  cer- 
tainly, and  manifestly  it  should  not,  if  it  can  possibly  be  avoided, 
be  allowed  to  get  red-hot,  otherwise  the  danger  from  fire  becomes 
serious.  The  lower  the  temperature  at  which  the  metal  employed 
melts,  the  less  is  the  danger  thus  incurred.  It  must  not  be  for- 
gotten that  good  conductors  of  electricity  are  also  good  conductors 
of  heat,  and  that  therefore  the  terminal  screws  to  which  the  fuse 
is  attached  conduct  the  heat  rapidly  away.  This  fact  necessitates 
the  fuse  being  made  rather  longer  than  would  otherwise  be  the 
case ;  and  while  the  terminals  must  be  sufficiently  massive  to  allov 
good  and  reliable  connection,  they  should  not  be  unnecessarily  sa 

It  is  almost  superfluous  to  add  that  the  metal  employed  should 
be  durable,  and  not  subject  to  change  from  any  cause  such  as 
oxidation.  Platinum  fulfils  this  condition  admirably,  and  yet  it 
is  a  most  unsuitable  material  for  general  work  on  account  of  the 
high  temperature  at  which  it  melts.  It  is,  in  fact,  easy  to  maintaia 
it  at  a  bright  red  heat  for  a  considerable  length  of  time.  Tic 
however,  melts  at  235**  C. ;  it  is  very  durable,  only  slightly 
oxidisable,  and,  taking  all  things  into  consideration,  is  undoubted'} 
the  best  metal  for  a  fuse. 

The  best  work  in  this  field  has  been  performed  by  Mr.  A. 
C.  Cockburn,  whose  fuse  is  illustrated  in  fig.  302.  The  wire  is  of 
pure  tin,  a  leaden  shot  is  cast  on  at  the  middle  of  the  wire, 
and  its  extremities  terminate  in  small  contact  rings.  Thee 
rings    are    slipped    over    the    terminal    screws,    and     the    not 
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being  tightly  screwed  down  reliable  contact  is  ensured, 
distance  between  the  screws  is  such  that  the  sag  of  the  v 
about  equal  to  that  shown  in  the  figure,  and  immediately  the 
current  becomes  strong  enough  to  de- 
velop sufficient  heat  to  soften  the  v 
the  weight  of  the  leaden  shot  causes  | 
a  prompt  and  decided  break.  The  dis- 
connection thus  occurs  long  before  the 
temperature  is  reached  at  which  the 
tnetal  would  become  red  hot,  and  be- 
fore dry  wood  would  ignite  or  even  char. 
The  cases  in  which  these  fuses  are  fixed  are  usually  made  of  hard 
wood,  or  of  slate  or  porcelain  for  the  base  with  a  brass  cover 
attached  by  a  bayonet  joint.  In  some  instances  a  wooden  case 
lined  with  asbestos  and  fitted  with  a  glass  cover  is  employed,  the 
great  advantage  being  that  the  fuse  can  easily  be  inspected,  so 
that  when  a  number  are  in  use  it  can  quickly  be  ascertained  which 
particular  one  it  is  that  requires  to  be  renewed.  The  rings  at  the 
ends  of  the  wire  enable  the  replacement  to  be  effected  with  ease 
and  rapidity,  and  they  have  the  further  advantage  that  they  pre- 
clude any  uncertainty  as  to  the '  length  of  wire  actually  in  use. 
Since  the  capacity  of  the  terminal  screws  for  conducting  away 
the  heat  affects  the  result,  the  fuse  should  only  be  employed  in 
the  particular  type  of  case  for 
which  it  has  been  designed. 

For  heavy  currents  several 
comparatively  small  fuses  are 
joined  in  parallel,  instead  of 
employing  a  massive  wire, 
an  arrangement  which  makes 
mote  certain  the  breaking  of 
the  fuses  when  the  particular 
current  strength  is  exceeded. 

In  fig.  303  is  shown  one 
of  the  simple  fuses  placed  in 
position,  the  cover  of  the  case  1 
upper  lead  are  brought  up  through  holes  in  the  slate  base,  one 
to  each  of  two  fixed  brass  strips,  the  fuse  itself  being  connected 


g  removed.   The  ends  of  the 
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to  other  terminal  screws  on  the  same  strips.    The  case  can  if  re- 
quired be  placed  horizontally. 

Many  other  types  of  cut-onts  are  fn  use,  some  consisting  of 
wire,  and  others  of  thin  foil  of  various  metals,  but  that  described 
is  probably  the  best  for  general  work,  and  is  sufficiently  inexpensive 
to  allow  of  one  being  placed  in  circuit  with  every  incandescent 
lamp  in  any  installation. 

An  illustration  of  a  method  by  which  a  cut  out  maybe  applieJ 

to  protect  a  single  lamp  is  furnished  by  fig.  304,  which  shows  a 

P^^  ceiling-rose,  or  a  device  for  placing  a  lamp 

in  circuit  between  a  pair  of  leads  carried 

along  a  ceiling,  and  suspending  a  lamp 

therefrom.      The   wires   from    the    leads 

enter  through  holes  in  the  back  of  the 

apparatus,  and  are  connected  eat^  to  a 

small  brass  block  or  strip,  one  of  which  is 

also  connected  to  one  lamp  terminal  and 

;  other  to  one  end  of  the  safely  fuse. 

/  The  other  end  of  the  fuse  and  the  other 

terminal  of  the  lamp  are  joined  to  a  thini 

brass  block.    The  flexible  double  wire  br 

which  the  lamp  is  suspended  is  threaded 

through  a  hole  in  the  centre  of  the  cov-er, 

which  screws  on  to  the  base. 

One  possible  objection  to  the  use  of  1 
fuse  is  that  when  it  does  act  under  the 
influence  of  a  too  poweriul  current  it  t> 
destroyed,  breaks  the  circuit  of  the  lamp 
or  lamps,  and  must  be  replaced  before 
the  circuit  is  again  available.  It  will  be  evident  that  such  cut- 
outs must  be  cheap,  placed  in  accessible  situations,  be  easily 
replaceable,  and  be  confined  in  an  infusible  or  non-inflammable 
case. 

The  cut-outs  which  we  have  thus  far  described  are  intended 
as  a  safeguard  against  the  maintenance  of  an  excessive  current,  sucb 
as  might  be  caused  by  the  short-circuiting  of  a  lamp,  and  they  arc 
more  particularly  applicable  to  constant  potential,  or  paialJe! 
working.    When,  however,  a  series  circuit  is  fitted  up,  the  danga 
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to  be  guarded  against  is  rather  a  disconnection  than  a  short 
circuit,  for  should  the  filament  of  a  single  lamp,  or  any  one  of  the 
conducting  wires  be  broken,  the  current  through  the  others  will 
also  be  interrupted.  We  have  already  described  (in  the  preceding 
chapter)  a  few  protecting  devices  for  the  lamps  themselves,  but 
none  capable  of  affording  protection  in  the  case  of  a  complete 
smash  of  a  lamp  have  been  dealt  with.  Mr.  A.  A.  Goldston  has 
introduced  a  simple  but  ingenious  contrivance  for  maintaining, 
under  almost  aii  circumstances,  the  continuity  in  a  series  circuit 
consisting  of  a  number  of  suspended  lamps.  The  device  is 
illustrated  in  fig.  305,  and  is  intended  to  short  circuit  the  sus- 

FiG.  305. 


pending  wires  of  any  lamp  in  the  event  of  one  or  both  of  those 
wires  breaking,  or  if  from  any  other  cause  the  weight  on  either  of 
the  wires  is  reduced. 

A  and  B  are  the  two  main  terminals  which  are  attached  to 
the  brass  pieces  /^  ^  which  are  fixed  on  the  insulating  base  a. 
The  conducting  spirals  m  n  serve  to  connect  the  screws  ^  ^'  to 
another  pair  of  screws  on  the  contact-making  levers/^.  These 
levers  are  able  to  turn  through  a  small  angle  on  the  pins  ^  ^  and 
are  supported  by  the  spiral  springs/*  g^.  The  wires  by  which  thfe 
lamp  is  suspended  are  attached  one  to  /and  the  other  to  g^  the 
weight  of  the  lamp  sufficing  to  keep  /  and  g  apart.  Should  one 
of  the  wires,  say  that  attached  to/  break,  the  tension  is  reduced, 
and  the  corresponding  spring/*  is  allowed  to  act,  drawing /into 
the  position  indicated  by  the  dotted  lines  and  completing  the 
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circuit  through  the  two  pivoted  leVers  direct.  The  device  is  also 
applied  to  arc  lamps,  and  can  be  fitted  in  incandescent  lamp- 
holders  so  as  to  maintain  the  circuit  in  the  event  of  a  disconnec- 
tion at  the  platinum  loops  or  in  any  portion  of  the  holder.  The 
spiral  springs  are  in  the  actual  apparatus  provided  with  adjusting 
screws,  by  which  their  tension  can  be  regulated  so  that  were  even 
the  bulb  broken  this  slight  reduction  of  the  weight  would  allow 
the  springs  to  raise  the  levers.  The  arrangement  effectually 
provides  also  for  the  case  of  a  complete  smash  of  the  lamp, 
such  as  might  destroy  the  short-circuiting  device  inside  the 
lamp  itself  Under  ordinary  circumstances  a  short-circuit  be- 
tween, or  a  fracture  of  either  of,  the  suspending  wires  might 
initiate  an  arc,  which  would  then  probably  travel  up  the  wires 
and  possibly  start  a  fire.  The  device  under  notice  prevents 
the  maintenance  of  such  an  arc,  because  immediately  the  wire 
is  fused  and  the  weight  removed  the  two  conductors  are  cut 
out  of  circuit. 

The  apparatus  is  made  in  a  variety  of  forms,  but  an  ad^^antage 
pertaining  to  the  one  illustrated  is  that  the  contact  surfaces  being 
vertical  do  not  permit  the  accumulation  of  dust  or  dirt-  !!« 
potential  difference  available  in  a  series  circuit  is,  however,  suffi- 
cient to  strike  across  even  a  considerable  film  of  imperfectly  con- 
ducting particles.  It  will  be  evident  that  to  make  this  apparatus 
most  efficient,  it  is  better  to  use  two  separate  instead  of  twisted 
conductors. 

In  a  previous  chapter  we  have  described  certain  instruments 
called  ammeters,  which  are  capable  of  indicating  the  number  of 
amperes  of  current  flowing  through  them  at  any  particular  moment 
but  which  are  unable  to  measure  the  actual  quantity  of  electricity 
passed  through  them  during  any  given  time.  In  just  the  same 
way  a  thermometer  indicates  the  temperature  at  any  moment,  but 
gives  no  idea  of  the  quantity  of  heat  actually  developed  or  ab- 
sorbed. In  the  commercial  distribution  of  electricity  for  lighting 
or  other  purposes,  it  is  essential  that  a  *  meter '  should  be  provided 
which  is  capable  of  measuring  and  by  some  means  recording  the 
quantity  of  electricity  supplied  to  any  one  consumer  during  say 
a  month  or  three  months.  The  unit  quantity  of  electricity  is  the 
coulomb,  that  is   the  amount  transferred  by  a  current  of  one 
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ampere  during  one  second ;  hence  an  instrument  such  as  that 
referred  to  might  aptly  be  called  a  coulomb-meter. 

The  coulomb  is,  however,  too  small  for  electric  lighting  work, 
and  it  has  been  usual  to  employ  as  a  unit  the  quantity  of  electricity 
transferred  by  a  current,  one  ampere  in  strength,  during  one  hour, 
this  unit  being  known  as  the  *  ampere-hour.'  If,  for  example,  a 
secondary  cell  were  allowed  to  maintain  a  current  of  15  amperes 
for  2\  hours,  the  quantity  of  electricity  obtained  from  the  cell 
during  that  time  would  be  15  x  2*5 =37*5  ampere-hours.  But 
even  this  larger  unit  is  somewhat  small  for  the  measurement  of 
supply  on  an  extensive  scale.  We  have  already  mentioned  the 
kilowatt  as  the  practical  unit  of  power,  sometimes  referred  to  as 
the  Board  of  Trade  unit  of  power.  The  Board  of  Trade  unit, 
properly  so-called,  is  a  commercial  unit  of  electrical  energy,  and  is 
equal  to  that  amount  which  is  developed  or  absorbed  by  a  current 
of  1,000  amperes  at  a  pressure  of  one  volt  during  one  hour.  It 
is  therefore  equal  to  1,000  ampere- volt-hours. 

This  Board  of  Trade  unit  is,  then,  the  unit  by  which  the  elec- 
tricity supplied  is  measured  and  charged.  Under  ordinary  cir- 
cumstances some  piece  of  apparatus  is  introduced  to  indicate  the 
number  of  ampere-hours  supplied  to  the  consumer's  lamps,  and 
this  quantity  multiplied  by  the  pressure  in  volts  and  divided  by 
1,000  gives  the  number  of  Board  of  Trade  units  upon  which  the 
charge  is  based.  But  it  is  unfortunately  far  from  easy  to  measure 
a  quantity  of  electricity  satisfactorily  on  a  commercial  scale.  In 
fact  the  instrument  most  urgently  needed  in  the  electrical  world 
at  the  present  moment  is  a  simple,  reliable,  and  compact  quantity 
meter. 

Many  efforts  have  been  made  to  produce  such  an  instrument, 
and  although  some  practical  forms  have  been  brought  into  use, 
much  yet  remains  to  be  done  by  the  usual  process  of  develop- 
ment. 

The  simplest  in  principle,  and  perhaps  also  the  most  interest- 
ing, is  that  devised  by  Professor  Forbes.  It  is  based  upon  the 
heating  effect  of  the  current ;  the  instrument  can  therefore  be 
made  without  any  appreciable  self-induction,  and  is  consequently 
available  for  use  with  alternating  currents. 

The  apparatus  is  illustrated  in  fig.  306.     It  consists  of  two 
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concentric  copper  rings,  supported  at  a  little  distance  above  the 
base  and  bridged  across  by  a  number  of  short  fine  wires.  The 
current  enters  at  one  ring  and  leaves  it  by  the  other,  passing 
through  the  whole  of  the  fine  wires  in  parallel,  the  resistance 
offered  by  the  wires  being  about  Tlwth  of  an  ohm.     The  quantiiy 


of  heat  developed  in  these  wires  affords  the  means  of  estimating 
the  quantity  of  electricity  which  passes.  When  the  wires  become 
warm  the  heat  is  imparted  to  the  adjacent  air,  which  expands  and 
rises,  so  that  a  continual  upward  current  of  air  is  maintained  during 
the  whole  time  that  the  current  is  flowing,  the  strength  of  the  air- 
current  varying  of  course  with  the  extent  to  which  the  wires  are 
heate  ).  A  small  pillar  carrying  a  steel  needle  point  rises  through 
the  centre  of  the  rings,  and  a  thin  paper  cone  with  a  ruby  bearing 
at  its  apex  rests  on  the  needle  point.  The  base  of  the  paper 
cone  is  attached  to  a  small  horizontal  mica  disc,  from  the  edge 
of  which  project  eight  arrfis  made  of  pith,  each  carr^-ing  a  very 
thin  mica  vane,  inclined  at  an  angle  of  45°  to  the  horisontal,  and 
placed  directly  over  the  fine  cross  wires. 

The  ascending  air  currents  caused  by  the  passage  of  electricity 
strike  against  the  under  side  of  the  vanes,  and  cause  them  and  the 
paper  cone  to  rotate ;  the  stronger  the  current  of  electricitj-  the 
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more  powerful  are  the  air  currents  and  the  greater  the  number 
of  revolutions  in  a  given  time.  So  that  it  is  only  necessary  to  add 
some  device  for  recording  the  number  of  revolutions  in  order  to 
estimate  the  quantity  of  current  which  has  flowed. 

The  apex  of  the  paper  cone  consists  of  a  small  aluminium 
cone  (to  which  is  attached  the  ruby  bearing  above  referred  to)  and 
which  also  carries  above  the  apex  a  small  steel  pinion,  gearing 
into  a  train  of  Wheels  as  shown  in  the  figure.  The  train  records 
the  number  of  revolutions  in  the  ordinary  manner ;  but  it  will 
readily  be  apparent  that  since  the  force  which  causes  the  rota- 
tion is  so  feeble,  the  slightest  friction  would  be  inadmissible,  and 
the  whole  of  the  moving  parts  must  be  extremely  light  and  deli- 
cate. In  fact,  beautiful  as  the  principle  is,  it  is  to  be  feared  that 
it  would  be  difficult  to  develop  it  into  a  thoroughly  practical 
instrument. 

A  quantity  meter  also  based  upon  an  interesting  principle,  and 
which  in  spite  of  many  difficulties  is  being  brought  into  a  practical 
form,  is  that  of  Mr.  Ferranti.  We  know  that  a  conductor  when 
placed  in  a  certain  position  in  a  magnetic  field  is  urged  to  a  new 
position  in,  or  entirely  out  of,  the  field,  immediately  a  current  is 
passed  through  the  conductor.  If  any  portion  of  the  conductor  is 
movable  independently  of  the  remainder,  we  can  move  that  portion 
only  by  sending  all  or  nearly  all  of  the  current  through  it.  A 
somewhat  striking  case  is  that  of  a  liquid  conductor  such  as  acidu- 
lated water  or  mercury,  for  we  can  keep  the  liquid  continually  in 
motion  by  placing  the  containing  vessel  in  a  powerful  field,  and 
sending  a  current  through  the  liquid.  If  the  lines  of  force  of  the 
field  and  those  emanating  from  that  portion  of  the  liquid  which  is 
carrying  the  current  do  not  happen  to  coincide,  then  that  portion 
will  be  urged  to  a  new  position  just  as  a  copper  wire  would  be,  its 
^)lace  being  taken  by  more  of  the  liquid,  which  undergoes  a  similar 
treatment 

In  Mr.  Ferranti's  meter,  which  is  based  upon  this  principle,  the 
liquid  employed  is  the  purest  obtainable  mercury.  This  is  con- 
tained in  a  rather  shallow  circular  vessel,  above  which  is  placed  a 
solenoid  fitted  with  a  hollow  iron  core  and  a  sheath,  so  disposed 
as  to  project  a  very  powerful  field  vertically  through  the  mercury. 
The  current  is  led  to  the  mercury  at  the  centre  of  the  vessel,  and 
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leaves  it  at  the  circumference,  then  passing  through  the  magnetis- 
ing solenoid. 

Now  the  liquid  conductor  is  urged  to  move  in  a  direction  at 
right  angles  to  that  in  which  the  current  is  flowing  through  it,  and 
also  at  right  angles  to  the  lines  of  force  of  the  field.  The  direction 
of  the  current  is  radial,  and  supposing  the  lines  of  force  to  he 
projected  vertically  downward,  the  liquid  will  rotate  in  a  right- 
handed  direction  as  viewed  from  above.  The  force  with  which 
the  mercury  is  urged  to  rotate  is  proportional  to  the  strength  of 
the  current  flowing  through  it  and  to  the  strength  of  the  fixed  field. 
This  field  might  be  kept  constant ;  or  by  employing  the  same 
current  to  excite  the  solenoid,  and  never  allowing  the  iron  to 
approach  the  saturation  point,  the  field  may  be  made  to  var}'  with 
the  current,  when  the  force  tending  to  produce  rotation  will  be 
proportional  to  the  square  of  the  current. 

The  mercury  in  rotating  carries  with  it  a  light  delicate  float, 
which  is  attached  to  the  lower  end  of  a  light  rod  terminating  at  its 
upper  extremity  in  a  pinion  which  gears  into  a  wheel  forming  part 
of  the  mechanism  employed  to  indicate  the  number  of  revolutions 
made  by  the  float  Of  course  the  force  acting  is  very  small,  and 
any  appreciable  friction  would  seriously  affect  the  indications,  but 
it  appears  probable  that  the  difficulties  will  be  overcome  and  the 
instrument  brought  into  practical  use. 

The  meter  which,  up  to  the  present,  has  been  most  extensively 
employed  is  based  upon  the  electrolytic  properties  of  the  current, 
and  possesses  the  advantage  that  no  delicate  mechanism  need  be 
employed  in  connection  with  it.    When  a  current  is  passed  through 
a  solution  containing  a  metal,  such  as  nitrate  of  silver  or  sulphate 
of  copper,  the  solution  is  decomposed  and  the  metal  which  it  con^ 
tained  is  deposited  on  the  wire  or  strip  of  metal  by  which  the 
current  leaves  the  liquid.     Such  a  wire  or  strip  by  which  the  cunent 
leaves  or  enters  the  liquid  is  called  an  electrode.     Suppose,  for 
example,  a  solution  of  nitrate  of  silver  with  silver  electrodes  to  be 
employed,  then  pure  silver  would  be  deposited  from  the  solution 
upon  that  electrode  by  which  the  current  leaves.     Moreover,  an 
exactly  equal  quantity  of  silver  would  be  dissolved  from  the  other 
electrode ;  this  might  easily  be  proved  by  weighing  before  and 
after  the  passage  of  a  current,  for  it  would  be  found  that  the  one 
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had  lost  in  weight  just  as  much  as  the  other  had  gained.  The 
solution,  then,  remains  as  rich  in  metal  as  it  was  before  the  passage 
of  the  current ;  but  if  the  electrode  by  which  the  current  enters 
were  made  of  carbon,  or  an  unassailable  metal  like  platinum,  the 
solution  would  lose  just  as  much  metal  as  is  deposited  on  the 
other  electrode,  the  platinum  not  being  dissolved  at  all. 

It  is  a  most  important  fact  that  the  weight  of  metal  deposited 
in   this   manner  is  exactly  proportional  to  the  quantity  of  elec- 
tricity which  has  passed  through  the  solution,  irrespective,  within 
wide  limits,   of  the  density  of  the  solution,  or  the  strength  of 
the  current  at  any  part  of  the  time.     It  follows  that  after  having 
ascertained  the   weight  of  any  metal  which  is  deposited  by  a 
coulomb  of  electricity,  or  by  an  ampere-hour  of  electricity,  we  can 
always  calculate  exactly  the  quantity  of  electricity  which  has  been 
transferred  on  any  occasion,  provided  we  find  out  what  weight  of 
that  metal  the  current  has  deposited.     Now  the  solutions  which 
concern  us  most  at  present  are  nitrate  of  silver,  sulphate  of  zinc, 
and  sulphate  of  copi>er,  and  it  has  been  found  by  experiment  that 
one  coulomb  (or  ampere-second)  is  capable  of  depositing  from 
these  solutions  I'liS  milligramme  of  silver,  0*33696  milligramme 
of  zinc,   and  0*32709  milligramme  of  copper  respectively.     The 
ampere-hour,  being  3,600  times  greater  than  the  coulomb,  dep>osits 
4024-8  milligrammes  of  silver,  1213-056  milligrammes  of  zinc,  or 
1 1 7  7  •  5  24  milligrammes  of  copper.     So  long  as  the  total  quantity 
of  current  which  passes  is  the  same,  it  is  immaterial  whether  the 
deposition  is  effected  by  a  weak  current  flowing  for  a  long  time  or 
a  stronger  current  flowing  for  a  correspondingly  shorter  time.    Thus 
a  current  of  half  an  ampere  flowing  for  48  hours  will  deposit  the 
same  weight  of  copper  as  a  current  of  16  amperes  flowing  for 
I  ^  hour  ;  in  either  case  the  total  quantity  of  electricity  is  24  ampere- 
hours.      It  is  necessary,  however,  to  take  care  that  the  surface  of 
the  electrode  shall  be  ample,  otherwise  the  metal  is  deposited  so 
rapidly  on  a  small  surface  that  it  becomes  granular,  and  does  not 
adhere. 

Now  suppose  we  take  a  vessel  containing  a  solution  of  zinc- 
sulphate,  and  dip  into  the  solution  two  zinc  striTi«  ™v;„u  v       t 
accurately  weighed.     If,  by  suitable  conneS J  A'" 

arrangeo^ent  in  one  of  the  main  leads  of  an  ^Si:  Ug^Sr^: 
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zinc  will  be  dissolved  from  one  electrode,  and  an  equal  amount 
deposited  on  the  other  whenever  a  current  is  passing.  If  at  the 
end  of  a  month  the  plates  are  removed,  carefully  dried,  and  weighed 
again,  the  total  amount  of  electricity  which  has  during  that  period 
been  supplied  to  the  lamp  circuit  can  be  very  accurately  estimated 
Slight  impurities  and  local  actions  may  in  practice  prevent  the  gain 
of  the  one  being  exactly  equal  to  the  loss  of  the  other,  but  by 
weighing  them  both  and  taking  the  mean  of  the  loss  and  gain, 
a  more  reliable  result  can  be  arrived  at  As  a  rule,  however,  only 
the  loss  on  the  plate  by  which  the  current  enters  the  cell,  is 
taken  as  a  measure  of  the  quantity  of  current  which  has  passed. 
Suppose  this  loss  amounted  to  1,213  grammes,  then  the  quantity 
of  electricity  upon  which  to  base  the  charge  would  be  i,ooo 
ampere-hours. 

The  *  chemical '  meter  of  Edison  is  constructed  up>on  this 
principle,  and  it  will  be  as  well  to  point  out  a  few  of  the  possible 
sources  of  trouble  and  inaccuracy  in  the  simple  arrangement  just 
mentioned,  before  describing  the  latest  form  of  the  meter. 

The  cell  offers  some  resistan  :e  to  the  passage  of  the  current, 
depending  upon  the  size  of  the  plates  and  their  distance  apart ; 
in  order  to  allow  it  to  be  placed  directly  in  an  ordinary  electric 
light  main  the  size  of  the  plates  would  have  to  be  unduly  large. 
It  is  necessary,  therefore,  to  use  the  cell  as  a  shunt,  bridging  over 
a  short  portion  of  the  main  circuit  having  a  resistance  equal  to  say 
-^\-^  of  its  own ;  in  that  case  the  meter  measures  y^jV^r  ^^  *^ 
total  current  flowing. 

But  then  temperature  variations  alter  the  resistances  sufficiently 
to  cause  grave  errors  in  the  results.  A  rise  in  temperature,  for 
instance,  reduces  the  resistance  of  the  liquid,  but  increases  that 
of  the  portion  of  the  main  conductor  which  is  shunted  by  the  ceD. 
Both  these  effects  tend  to  cause  an  increase  in  the  proportion  of 
the  current  flowing  through  the  meter,  and  such  \'ariations  must  in 
some  way  be  compensated  for. 

Moreover,  the  temperature  may  fall  low  enough  to  freeze  the 
liquid.  Also  since  any  external  cause  which  cools  the  liquid  or 
the  shunted  metallic  conductor,  or  both,  makes  the  meter  register 
lower  than  it  should  do,  care  must  be  taken  to  so  place  these  pare 
as  to  avoid  leading  the  consumer  into  temptation.     For  similar 
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reasons  the  terminals  of  a  meter  should  never  be  exposed,  nor  any 
other  facilities  given  for  short-circuiting  the  apparatus. 

The  practical  form  of  the  Edison  meter,  as  fitted  for  use  in  a 
simple  circuit,  and  in  which  these  difficulties  are  overcome,  is 
illustrated  in  fig,  307.  At  the  bottom  of  the  case  is  an  incan- 
descent lamp,  which  is 
automatically  thrown  into 
circuit  whenever  the  tem- 
perature approaches  the 
freezing  point,  and  so 
keeps  the  solution  from 
freezing.  Above  the  lamp 
is  placed  a  stout  zigzag 
strip  of  German  silver, 
which  is  joined  up  in  the 
main  circuit.  It  offers  but 
little  resistance,  and  since 
its  temperature  coefficient 
is  small,  this  resistance 
varies  but  slightly  through 
ordinary  changes.  Above 
this  strip  two  cells  are 
placed,  each  containing 
two  zinc  plates  immersed 
in  a  sulphate  of  zinc  solu- 
tion. The  zinc  is  de- 
posited at  a  definitely 
faster  rate  in  one  cell  than  in  the  other,  and  an  additional  check 
obtained  by  comparison  of  the  two  cells.  The  difference  in  the 
rate  of  deposition  is  effected  by  causing  one  cell  to  bridge  a  larger 
portion  'of  the  German  silver  strip  than  the  other ;  the  dividing 
terminal  is  seen  in  the  figure  at  the  end  of  the  second  bend  from 
the  right.  The  most  important  of  the  possible  sources  of  error  is 
that  due  to  the  temperature  variation  of  the  resistance  of  the 
liquid.  This  is  compensated  for  and  the  resistance  of  the  cell 
circuit  kept  constant  in  a  very  simple  manner.  When  the  tempe- 
rature rises  the  resistance  of  the  liquid  deereases,  but  the  resistance 
of  a  metal  (copper  for  instance)  increases.     A  spiral  of  copper 
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wire  is  joined  in  series  with  each  cell,  of  such  a  resistance  that 
with  a  given  rise  in  temperature  the  resistance  of  the  spiral  in- 
creases by  just  so  much  as  the  resistance  of  the  liquid  is  decreased. 
These  spirals  are  placed  behind  the  cells  and  are  not  visible  in 
the  figure. 

In  the  smaller  meters  (and  latterly  in  larger  ones)  only  one 
cell  is  employed,  the  resistance  of  the  German  silver  strip  being 
about  0*003  ohm. 

The  meter  is  placed  in  the  circuit  of  one  of  the  mains  feeding 
the  group  of  lamps  in  which  the  electricity  consumed  is  required 
to  be  measured. 

For  installatiofls  on  the  three- wire  system  two  separate  German 
Silver  strips  with  a  cell  or  a  pair  of  cells  to  each  are  provided,  one 
strip  being  placed  in  each  main. 

The  variation  of  the  resistance  of  the  German  silver  strip 
caused  by  temperature  changes  is  not  sufficient  to  introduce  any 
great  error.  As  a  rule  its  resistance  is  ^^  that  of  the  cells  and 
compensating  wire,  So  that  the  cell  measures  y^'^^  of  the  total 
current  passing  through  the  main  circuit.  The  plates  are  weighed 
once  a  month. 

The  method  of  throwing  the  heating  lamp  in  circuit  when  the 
temperature  falls  too  low  is  simple  and  ingenious.  One  terminal 
of  the  lamp  is  connected  to  one  of  the  mains,  and  its  other  to  a 
small  contact  stud  placed  just  above  the  holder.  Above  this  stud 
is  another  contact,  carried  at  the  end  of  a  long  straight  compound 
metal  strip,  which  is  fixed  at  the  other  end  (to  the  left  in  the 
figure)  and  connected  to  the  other  main.  The  strip  is  formed 
of  two  metals,  which  expand  or  contract  unequally  when  the 
temperature  is  varied.  Under  ordinary  circumstances  the  tvo 
contact  studs  are  kept  apart;  but  when  the  temperature  falls, 
the  compound  strip  bends  or  curls  downward,  and  th6  adjust- 
ment is  such  that  contact  is  made  and  the  lamp  thrown  in  circuit 
when  the  temperature  approaches  within  two  or  three  degrees  of 
freezing  point. 
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Accumulators.    S£g  Secoodarr  Cells  ^ 

Acid  solutioo  for  saoandary  cdls,  density 
of,  480 

Addomcters,  481 

Acuon,  local,  60 

Adjacent  conductors,  mntnal  action  be- 
tween currents  in,  82,  40a,  446,  617 

Adjustment  of  brushes,  aB8,  407 

Air  pomp,  mercury,  Gdasler,  53s 

— heated.  554 

s>hort-£all,  544 

Sprcngel,  537 

— Swinburne,  54a 

—  pumps,  535.     ,  . . 

— '  —  — «**-i»a  n  f-»  I ,   as  an  aid  to  mercury 

pomps  538.       , 

—  —  mercury,  device  for  axresung   mer> 

cury  vapour,  539 

Gimingham,  539 

McLeod's    pressure-gauge    for, 

540 
objectians  to  sinq^  538 

Alternate  current  dynamos,  330 

De  Meniens,  348 

Ferrantl,  258 

Kapp,  asa 

Mordey,  simple  form,  245 

Moniey-Victoria,  364 

Siemens,  ass 

Wheatstone,  344 

with  rotating  field,  264 

— — '  ■— ■  motors,  438 

method  of  starting  large,  438 

Alternating   and  continuous  current    arc 

lamps,  50s 
Alternating  currents,  apparatus  for  mea- 

saring,  1x4.  ia6 

—  potential  differences,  ^yporatns  for  mea- 
suring, 179,  aoo      , 

Alternation,  rate  of,  m  transformers,  453 

Mordey's  experiments,  456 

Alternators.         Se£     Auemate     Current 
Dynamos 

—  in  parallel,  969,  439    , 
Mordey's  expenments,  439 

—  used  as  xnocors,  438 
Amalgamation,  6a 
Ammeter,  Ayrton  and  rmy,  115 

—  eccentric  iraa  disc,  xaS 

—  £ver&hed,  xza 
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Ammeter,  graded,  Sir  W.  Tboaaoo,  1x8 

—  Scfanckert,  lao 

—  Social  des  TdKphones,  127 

—  steel-yard,  ra? 
Ammeters,  electro-magnetic,  xao 

—  gravity,  lao 
Ampere,  the,  aa 
Ampere-hour,  613 
Ampere-turns,  xas,  aa6,  893,  35Q 
Ampere-yards,  ao6 

Angle  of  lead,  286,  333.  4«7 

Arc,  coosomptioo  of  carbons,  494*  5^ 

—  counter  b.m.f.  of  the,  498 

—  Davy's  experiments,  49a 

—  dranteyation  of  caiboos,  495 

—  formation  of  carbons  493 

—  impurity  of  carbons,  497 

—  temperature  of  carbons,  495 

—  volatilisation  of  carbons,  497 

—  lamp,  Brockie>Pell,  519 
Brush,  5x1 

Crompton  and  Crabb,  313 

Gulcher,  505,  5x3 

Jablochkotf',  SDK 

Phoenix,  5x8 

Pibcn,  306,  S07 

Siauer,  5x1 

—  —  ^*cxdemann,  503 

—  lamps,  49a 

alternating  and  coatiauons  cnneni, 

c.p.  per  h,p.,  500 

classifications  of,  503 

d^crenual,  505,  506 

effect  of  globes,  500 

feeding  arrangements,  505 

for  focussing,  S04 

parallel  and  series,  503 

steadying  resistance,  304 

Armature  cotU  in  pwTmlM,  X73 

—  ojre,  lamination  of,  243 
effect  of,  374 

—  cylinder  form,  317 

—  drum,  aSg 

—  Gramme,  283 

"~  r~  ■*  » transformer,  451 

!:*«*«  «.^5  . 

"  Mordey  s  expeiiments,  37* 

—  magnet,  effect  of,  9a 
«P«i»-coil,  38X 
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Armature,  ring,  283 

—  shuttle,  240 

Atomic  weij^ts  and  equivalents,  table  of, 

45      , 
Attractive  power  of  electro-magnrts,  221 
Automatic  alarum  for  secondary  cells,  490 

—  switch  for  JablochkofT  lamp,  502 
secondary  cells,  489 

Available   e.M.F.   in   external   circuit   of 

batteries,  70 
Ayrtonand  Perry's  ammeter,  115 

dispersion  phf'tometer,  572 

low-reading  voltmeter,  190,  461 


Barb  conductors,  579,  595 
Batteries,  available  h.m.f.  in  external  cir> 
cuit  of,  79 

—  counter  E.M.F.  in,  466 

—  fall  of  potental  in,  80 

—  primary,  43 

—  secondare'.    See  Secondary  Cells 
Battersea  uynamo,  373 

Battery,  floating,  85 

—  gas,  467 

—  mud,  59 

Beam  of  lieht,  495,  572,  573 
Bernstein  lamp.  551 
Bichromate  of  potash  cells,  55,  68 
Bitumen  insulation,  598 
Blackpool  Electric  Tramway,  418 
Blower,  Thomson- Houston,  397 
Board  of  Trade  unit,  6x5 
Boiling,  in  secondary  celU,  479 
Bridge,  slide  wire,  147 

—  Wheatstone,  143 

dial  form,  157 

practical  form,  148 

galvanometer  for,  156 

—  ^ method  of  using,  150 

Britannia  joint,  593 
Brockie-Pell  lamp,  519 
Brooks*  system,  596 

Brush  dynamo,  383 

—  lamp,  511 

—  regulator,  389 

Brushes,  adjustment  of,  288.  407 

—  Holroyd  Smith,  41a,  423 

—  s{>arking  at,  288,  353 

—  with  carbon  coatacts,  41a,  416 
Buckling,  ^83 

Bunsen  cell,  67 

—  photometer,  570 


C.G-S.  system,  41 

Cables,  lead  covered,  600,  601 

Calibration,  113 

Calender's  bitumen  syf  tem,  598 

Candle,  tbe  standard,  557 

Candle-power  of  arc  lamps,  500 

JablochkofT  lamp,  501 

Capacity  of  secondary  cells,  483 

—  for  heat,  170 

Carbon,  manufacture  of,  499 

—  properties  of,  for  incandescent  lamps. 

528 

—  resistance  of,  499 . 


COM 

Carbon  resistances,  389 

Carbonising,  532 

Carbons,  arc,  consumption  of,  494,  523 

disintegration  of,  495 

formation  of,  493 

impurities  of,  ^7 

temperature  of,  495 

volatilisaticm  of,  497 

Carpel  lamp.  561 

Casing,  wood,  60a 

Cast  and  wrought  iron  for  field  magnets,  394 

Ceiling  rose,  6x2 

Cell,  agglomerate,  47 

—  bichromate  of  potash,  55 

—  Bunsen,  67 

—  Clark  standard.  53,  xo6,  163,  175,  433 

—  Daniel],  56 

standard.  64,  to8,  164 

—  definition  of  constant,  47 
_        _  primary,  43 

—  Faure,  472 

—  Fuller,  68 

—  Grove,  65 

—  Leclanch^,  47  ^ 

—  Muirhead-Daniell,  63 

—  Plants,  469 

—  simple,  a.  43 

—  Smee,  ^o 

—  Upward,  69 

—  xinc-carbon,  47 
Cells,  comparisoo  of^  73^ 

—  consumption  of  zinc  in,  79 

—  economical  gprouping  of,  79 

—  methods  of  grouping,  75 

—  secondary.    See  Secondary  CeUa 

—  substitution  of,  formubefor,  81 

--  testing  condition  of,  ^69  * 

Characteristic  curves,  304 

Charging  curve  for  secondary  Cells,  47$ 

Chemical  reactions  in  secocdary  cells,  473 

Circuits,  parallel,  24,  138 

Classifications  of  arc  lamps,  503 

Cockbum  fuse,  610 

Coercive  force,  218 

Coils,  induction,  446 

Collecting   currents   from     aoviog 

ductor,  method  of,  239 
Collectors    Se*  Commutator 
Colours  of  sccondar>'  plates,  481 
Commutation,  270,  367,  361 
Commutator,  270,  367,  381 

—  Battersea,  374 

—  Brush,  385 

—  Edisoo-Hopkinsoo,  337 

—  eight -part,  280 

—  four-part,  277 

—  Goolden,  321,  4x2 

—  Manchester,  344 

—  open-coil,  381 

—  Paris  and  Scott,  350 

—  Phoenix,  330 

—  Statter,  362,  364 

—  Thomson-Houstim,  393 
~  three-part,  393 

—  two-part,  ayx 

—  Victoria,  307 
Comparison  of  cells,  73 
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ComparUon  tests  for  ]E.M.r%,  164 
Oomponents  of  terrestrial  magnetism,  94 
Compound  dynamo,  the,  303,  313 

^  curve  ror.  31a 

Condition  of  cells,  testing,  160 
Conductivity,  electro-magnetic,  8f 

—  of  commercial  copper.  18 
Conductors  aud  uon-condttctors,  9 

—  cost  of  laying,  $78 

—  fall  of  potential  in,  561 

—  for  heavy  currents,  57^ 

—  indoor,  609 

—  loss  of  coergv  in,  444,  sjf 

—  overhead,  588 

—  table  of,  578 

—  underground,  4x9,  499,  595 
Conduit,  Morthfleet,  4*8 

^  Pall  Mall,  595 

Conduits,  Uolroyd  Smith's,  418,  427 
Conservation  of  ene^fnTi  88 
Constant  cell,  definition  of,  47 
Constant  current  dyaamos,  35a,  389,  395 

. regulation^  lirush,  389 

Goolden.  325 

Statter^  3Sa 

Thomson- Houston,  593 

Consumption  of  carbons  in  the  arc,  494, 

.5«3 

zinc  in  cells,  79 

Continuous  aad    alternate   current    arc 

lamps^  535 
Conversion  of  electricity  into  heat  aad 
light,  596 

mechanical  power,  409 

Copper^  conductivity  of  commercial,  x8 
Coi«  of  electro-inagnet,  914 
dimensions  of,  ai9 

—  iron,  €7 

—  ring,  leakage  of  lines  of  force  acress  a., 
tt83 

Coulomb,  the,  sa 

Counter  e^m.p.  of  the  arc,  498 

—  —  in  batteries,  466 

moton,  404 

Couple,  moment  of  a,  96 
Couples,  95 
Crompton  dynamo,  .^c 

—  and  Crabb  arc  lamp,  5<3  ^ 
Crookes's  device   for   arresting   mercary 

vapour,  539 
Cruto  lamp,  556 
Current,  nature  of  a,  3 
Current-density,  487 
Current-strength,  «t 

measurement  of^  8«,  43S 

practical  unit  of,  aa 

Currents,  apparatus  for  measuring  alteiv 
nate,  z  14-196 

—  apparatus  for  measuring  large,  109 

—  eddy,  941,  3751  45°!  4S7 

—  ealvanometers  for  weak,  170 

—  m  adjacent  conductors,  mutual  efiects 

of,  82,  Aoa,  446*  ^}7     ,^      ^ 

—  lines  of  force  developed  by,  B3 
Curve,  charging,  for  secondary  cells,  479 

—  discharging,  for  secondary  cells,  48a 

—  external  ciiaxacteiistic,  308 
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Curve  of  compound  dynamo^  31a 

series  dynamo,  305 

shont  dynamo,  310 

Curves,  characteristic,  304 

—  B.)M.P.,  978 

—  horse-power,  306 

—  magnetisation,  214 

Cut-out   for   series    incandescent   lamp, 

Bernstein,  552 

^isoa,  555 

1 Goldston,  555,  613 

Cut-outs,  609 

Dakikll  cell,  56 

Muirhead's  form,  63 

standard,  64,  108,  164 

De  Meritens  alternator,  248 

Declination,  magnetic,  94 

Density,  current,  487 

Density  of  acid    solution   for   secondarf 

cells  480 
Detector,  lineman's.  128 
Differential  arc  lamp,  the,  505,  506 

—  ealyanometer,  138 
DUnision  of  liquids,  59 
Dip,  magnetic,  94 

Direct-cunent  dynamo,  Battersea,  373 
— Srush,  383 

— Crompton,  351 

— Edison,  336 

— Edison- Hopk':ason.  336 

Goolden,  317 

*^*PPl  332 

—  Manchester,  343 

Paris  and  Scott,  347 

Phornix,  398 

Thom^n -Houston,  391 

— ^ Victoria,  364 

Direct-cnrrent  dynamos,  270 

Direction  of  lines  of  force,  84 

Discharge,  eledtnc,  3 

Discharging  curve  for  secondai^  cells  482 

Dispersion  photometer,  572 

Dijftoriion  of  field,  285,  407,  4x7 

Distribution,  579 

—  by  transformers,  4^t 

Drake  and  Gorham  s    experiments   whk 

secondary  cells,  479 
Drum  armature,  the,  269 
Dynamo,  compound,  303,  313 
^  curve  of,  3x2 

—  limitation  to  power  developed  by,  2"^ 

—  power  absorbed  by,  997,  350 

—  series,  295 

curve  fbr  a,  505 

regulation  of  a,  299 

—  shunt,  300 

curve  for  a,  jxo 

—  small,  with  steei  magnets,  239 
Dynamos,  alternate  current.  See  Alternate 

Current  Dynamos 

—  direct    current.      See   Direct  CnrreM 

Dynamos 

—  efficiency  of,  230,  302 

—  experiments  with,   316,  339,  35^,   34S« 

375f  433 
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Lead-covered  cables,  600 

\jta\i  in  secondary  cells,  effect  of,  483 

Leakage,  magnetic,  22* 

—  —  m  dynamos,  330,  345 

—  m  iratisfonners,  404 

—  of  lines  of  force  across  a  core-ring,  283 
Leclanch6  cell,  47 

agglomerate  form,  47 

Legal  onm,  13 

Letheby  pbotomoter,  574 

Life  of  incandescent  lamps,  545,  550 

Light,  beam  of,  495,  57s.  573 

—  analysis  of,  495 

—  measnrement  of,  557 

Light  and  heat,  conversion  of  electricity 

into,  536 
Line  of  force,  c.G.s.,  93,  281 

—  lUpp,  3j6,  350 
Lmeman  s  detector,  x«6 

Lines  of  force  across  a  core-ring,  283 

developed  by  a  current,  83 

electric,  4 

iron  cannot  increass  the  number 

of,  88 

through  a  magnet,  8I) 

— throujgh  iron,  86 

Liquids,  diffusion  of,  59 

Lithanode,  486 

Local  action,  60 

Loop  test,  154 

Loss  of  energy  in  conductors,  444,  577 

Losses  in  armatures,  375 

Mordey's  experiment^,  376 

Low-reading  voltmeter,  190,  461 
Luminous  bodies,  496 

—  rays,  proportion  of,  573 


Machines,  dynamo  electric.  5«rDyt>amos 
Magnet,  lines  of  force  through  a^  89 

—  permanent,  217 
armature  of,  92 

effect  of  heat  upon,  219 

vibrations  upon,  ai8 

field  of  force  due  to,  90 

sustaining  power,  219 

—  pole,  of  unit  stre^gihj  93 

—  the  earth  a,  93 
Magn^tic  cut-out,  609 

—  declination,  94 

—  <i»P.  94 

—  force,  earth's  total,  94 

—  leakage  in  dynamos,  339,  345 
Magnetisation  curves,  214 
Magnetism,  residual,  296 

~-  terrestrial,  components  of,  94 
Magnets,  field,  wrought  and  cast  iron  for, 

a94 

—  mutual  effects  between,  99 
Mains,  underground,  419,  429,  595 
Manchester  dynamo,  ^43 
Msuiufacture  of  electric  light  carbons,  499 

^  incandescent  lamps,  531 

Marriage  joint,  600 

McLeod's  pressure-gauge,  540 
Measurement  of  current  strength,  8a 

elearo-motive  force,  163 

light,  557 


OVE 

Measurement   of  luminoEity  of  dectrie 
lamps,  573 

resistance,  131 

Measuring  altematiagcurreBts,  appa-atss 
for,  1x4,  126 

—  alternating  potential  differences,  179, 

aoo 

—  large  cttrrents,  apparatus  for,  109 
Mechanical  power,  conversion  of  electriaj 

into,  402 
Megohm,  the,  13,  x6o 
Mercury  pumps.  See  Air  Pumps 
Meritens,  De,  alternator,  24B 
Metals^  expansion  of,  by  heat,  179 

—  for  incandescent  lamp  filammw,  $A 
Meters,  6x4 

Methven  screen,  561 
Mica,  391 
Microhm,  the,  73 
Morde^  alcematur,  264 
simple  form,  245 

—  experiments  on  losses  in  annatares,  J76 

with  alternators  in  randlel,  439 

transformers,  456 

—  method  of  starting  alternate  cvrmt 

motors,  438 

—  transformer,  4^ 
Motor  coils,  heafeiag  of,  4x7 

—  distortion  of  field  in  a,  407,  4x7 

—  Goolden,  4x1 

—  Holroyd  Smith,  4*3 

—  Immisch,  416 

—  methods  of  varying  streqgth  of  field  ia 

a,  409 

—  rate  ot  working  in  a,  4x1 

—  regulation,  408 

—  Spraguc,  414 
Motors,  930^  40a 

—  alternate  current,  438 

—  efficiency,  4XX,  43^ 

—  in  parallel  and  series.  498,  439 

—  switches  for,  496,  431 
Mounting  filaments,  534 
Mud  battery,  59 
Muirhead-Uaniell  cell,  63 
Multipolar  dynamos,  364 


Nature  of  electric  cunnent,  3 

electricity.  4 

Non-conductors  and  conductors,  9 
Northfleet  Electiic  Tramway,  498 


Objections  to  simple  mwctiry  penfi^  Jj^ 
Ohm,  the  lefl»l,  x  i 
Ohmmeter,  £versbed,  X59 
Ohm's  law,  92,  74,  X05,  131,  X63 
Open-coil  armatures,  381 

djmamo,  Brush,  383 

Thomson-Houstoo,  391 

—  —  dynamos,  380 

commutator  for,  j8t 

Opposition  method  of  testing  K.ii.r^  x^ 
Output  of  secondary  cells.  489 
Overhead  conductors,  taspensMa  dC  5%1 

—  system,  588 
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Pacinotti  teeth,  348,  363 
PiBurallel,  alternators  in,  369,  439 

—  and  Mries  arc  lamp,  503 

incandescent  Uunps  in,  551 

motors  in,  428,  43a 

transformers  in,  461 

—  aumature  coils  in,  275 

—  circuits,  34,  138 

—  working,  580 
Parallelogram  of  forces,  94 
Parchmeittising,  531 

Paris  and  Scott  d>  name,  347 
Pentane  lamp,  566 

—  standard,  564  ' 
Permanent  magnets.  Set  Magnets 
Permeability,  *oa 

Phcenix  dynamo,  338 

—  lamp,  518 

Photometer,  Ayrton  and  Perry's  disper* 
siun,  57a 

—  Bunsen  grease-spot,  570 

—  Hartley  universal,  574 

—  Letheby,  574 

—  Rumfora  shadowr,  569 
Photometers,  569 
Photometry,  557 
Pilot-wires,  58a,  6oa 
Pilsen  lamp,  so6,  507 
Plants  cell,  469 

Plates,  expansion  of  secondary,  484 

Platinoid,  x6 

Platinum,  melting-point  of,  610 

Plugs,  necessary  features  of,  3a 

Point,  saturation,  xi5«  914 

Pokmsation,  46,  4166 

Pole,  strength  of  magnet,  03 

Poles  for  overhead  work,  589 

Positive  direaioD  of  lines  01  force,  84 

Potential,  5 

—  diff'-rence,  13 

altemating,appamus  for  measuring, 

X79.  aoo 

—  fall  of,  in  a  battery,  80 

conductors,  581 

Potentiometer,  175 

Power  abiorbed  by  dynamo,  297,  350 

—  developed  by  dynamo,  limitations  to, 

396 

—  waste  of,  in  conductors,  577, 
Practical  uiut  of  current  quantity,  *z^  614 

—  units,  xa 

Pteece,  W.  H.,  on  secondar>-  cells*,  487, 

488 
Pressure-gauge^  McLeod's,  510 
Primary  batteries.  ^13 
Primary  cell,  definition  of,  43 
Proportion  of  luminous  to  other  rays,  573 
Pumps.  .$>«  Air  Pumps 


Quantity  meters,  614 

—  practical  unit  of  current,  a  a,  614 

Ratb  of  alternation  in  transformers,  455 

w«-rking  in  a  motor,  4«» 

Regulation  by  secondary  cells,  488,  58a, 

5«3 


SBC 

Regulation  constant  current,  335,  35*,  389, 

395       „ 

—  motor.  408 

—  of  series  dynamo,  399 

transformers,  461 

Regulator,  Brush,  389 

—  Goolden,  M3 

—  Thomson-Houston,  395 
Residual  nugnetism,  390 
Resistance,  13 

—  boxes,  31 

—  coils,  a8 

—  effect  of  heat  upon,  18 
impurities  upon,  X7,  579 

—  frames,  36 

—  fundamental  laws,  X9 

—  insulation,  158,  597 

—  internal,  of  battery,  74,  X35 

—  measurement  of,  X3x 

differential  method,  X41 

internal,  X36,  X37 

of  secondary  cells,  138 

substitution  method,  X33 

with  tangent  galvanometer,  X34 

Wheatstone  bridge,  X43 

—  of  caLrbon,  499 

—  specific,  xd,  17 

—  steadying,  for  arc-lamps,  504 
Retentivity,  89,  3x6 

Return,  eaith,  6,  430 

Rheostat,  34 

Ring  armature.  Gramme,  283 

—  switch,  604 

Rumford  shadow  photometer,  569 


Safkty  devices  for  transformers,  463 

Saturation-point,  115,  3x4 

Scale,  tangent,  loa 

Schucken  ammeter,  xao 

Screen,  Methven,  56  x 

Seocmdary  celb  and  batteries,  4^ 

applicatUmfl  of,  487 

automatic  alarum  for,  490 

switch  for,  489 

—  —  boilinjK  in,  479 

buckling  of  plates  in,  483 

capacity  of,  485 

charg^ing  curve  for,  479 

chemical  reactions  in,  47a 

colour  of  plates  in,  481 

—  —  current  density^  487 

density  of  nolution,  480 

■  devices  foe  fixing  pastes,  473 

discharging  curve  for,  483 

Prake  and  Gorliam's  experimentSi 

durability  of  plates,  484 

efficiency,  ^86 

Elweil  Parker  type,  477, 

B.M.F.  of,  479 

B.P.S.  types,  474 

table  of,  477 

expansion  of  plates,  484 

hydrometers  tor,  ^81 

insulators  for,  475 

leakage,  effect  ol.  483 

output  of,  489 
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Secondary  cell9»  Preece,  W.  H.,  on,  487, 
488 

regulation  by,  ^88.  58a 

step-by-step  switch  for,  607 

sulphating  in,  483 

treatment  of  new,  463,  486> 

Self-indurtion,  aa/,  241,  353,  440,  463 
Semi-mcandescent  uunpei,  503 
Sensitiveness,  angle  of  nuucimum,  xo8 
Series  and  parallel  arc  lamps,  503 

incandescent  lamps  in,  551 

motors  in,  438,  43a 

transformers  in,  461 

—  circuit  cut-out,  55a,  555,  6xa 

—  dynamo,  295,  3x4 
curve  for,  305 

limitations  to  power  developed  by, 

396 

power  absorbed  by,  297,  350 

regulation  of,  399 

—  lamps,  incandescent,  551 

cut-outs  for.    .S'^#Cut-ouu 

Shackle  insulator,  59a 
Shadow  photometer,  569 
Shape  or  electro- magnets,  aaa 
Short-fall  pumps,  544 

Shunt  box,  35 

—  dynamo,  300 

curve  of,  310 

Shunts,  law  of,  106 
Shuttle  armature,  340 
Siemens  alternator,  355 

—^  electric  dynamometer,  xxo 
Simple  alternator,  339 
Mordey's,  245 

—  cell,  a,  43 

—  transformer,  450 
Sine  curve,  337 

Sines  and  tangents,  table  of,  98 

Slide  wire  bridge,  147 

Smee  cell,  46 

Smith's,  Holrord,  tramway  system,  4x8 

Socidt^  des  T^wphones  ahimeter,  137 

Solenoid,  field  due  to  a,  87 

—  iron  in  a,  effect  of,  87,  xax,  xas 
Sparking  at  brushes,  388,  353.    See  also 

Distortion 
Specific  heat,  179 
Spectrum,  the,  496 
Spirals,  flat)  effects  between,  85 
Splayed  joint,  594 
Sprague  motor,  4x4 
Sprengel  pump,  537 
Spring,  fiat,  ammeter,  xx6 
Squared  paper,  ax  a 
Standard  candle,  the,  557 

—  cell,  the  Clark,  53,  108,  163, 175,  435 
the  Daniell,  64,  xo8,  164 

—  the  pentane,  564 

Statter  current  regulation,  353 

—  dynamo,  353,  433 

—   Ifmip,  53X 

—  transformer,  457 

Stead>nng  resistance  for  arc  laiiipA,  504 
Steel,  magnetic  effect  of  impurities  in,  ax  7 

—  yard  ammeter,  137    . 
Strength  of  magnetrpole,  93 
Substitution  of  cells,  formula  for,  Z\. 
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Sulphating,  483 
Summary  (on  dynamo^).  398 
Suspension  of  overhead  conductors,  593 
Sustaining  power  of  magnets,  223 
Swan  lamp,  530 
Swinburne  pumpj^  54a 
S«ritch,  automauc,  for  JabkKhko?  lanp, 
50a 

secondary  cells,  489 

Switches,  6oa 

—  for  motors,  426,  43X 
System,  Brooles',  596 

—  C.G.S.,  40 

—  overhead,  588 

— -  three-wire,  585,  595 

—  underground,  4x9,  439,  595 


Tablb,  atomic  weights  axul  equivalents,  45 

—  comparative  conductivity  of  coouner- 

cial  cjpper,  x8 

—  conductors,  577 

—  B.P.S.  cells,  477 

—  incandescent  lamps*  S5o 
<—  sines  and  tangents,  98 

—  specific  resistances,  17 

—  temperature  co-effictents,  19 
Tangent  galvaix>meter,  98 

field  of  force  in,  99 

laws  ffoveming.  100 

Post-office  form,  vn 

—  scale,  xoa 

Tangents  and  sines,  table  of,  98 
Teeth,  Pacinocti,  348,  36B 
Temperature  and  heat,  179,  537 

—  ot  the  arc,  495 
Terminals,  30 

Terrestrial  magnetiam,  components  of,  94 

Test,  the  loop,  X54 

1'esting  concution  of  cells,  169 

—  efficiency  of  motors,  433 

—  vacua,  5^5 

Thomson,  fllihu,  welding  by  transformers 

45? 

—  Sir  W.,  graded  ammeter,  xi6 

—  -Houston  Mower,  397 

-1 dynamo,  39X 

regukuor,  395 

Three-way  swiicn,  606 

—  -wire  system^  583,  595 
Tin,  melting-point  01',  610 
Tongue,  ^105 

Tomcelliau  vacuum,  535 
Tramway,  Elecuic,  BUckpool,  4x3 
Northfleet,  428 

Smith,  Holroyd,  4x8 

Transformer,  Faxaday,  448 

—  Ferranti,  ^53 

—  Gramme  nng  as  a,  45X 

—  Mordey,  454 

—  simp  e,  450 

—  Stauer,  457 

—  Thomson,  for  welding,  459 

—  Varley,  45a 
Tnuisl'armers,.444,  580 

—  distribution  by,  461 
-:*■  leakage  an,  464^ 

—  rate  of  aliemailon  in,  455^ 


Index 


631 


TRA 


Transfcrmeni,  regulation  of,  461 

—  requirements  or  449 

—  safety  devices  for,  ^64 

—  self-induction  in,  ^ti 

—  series  and  parallel,  461 
Transmission  of  energy,  40a,  444,  576 

ireatment  of  new  secondary  ceils,  483, 486 
Two  electric  states,  i 

—  "part  commutator,  vjx 

Underchoumd  mains,  419,  499,  595 
Unit  B.A.,  15 

--  Board  of  Trade,  613 

—  mamiet-pole,  93 

—  of  hear,  x8o 

—  7-  lisrht,  557 

Units,  fundamental  and  derived,  40 

—  practical,  13 
•Universal  photometer,  574 

Upward  cell,  69 

Vacua,  deterioration  of,  m  incandescent 
lamps,  544 

~  n»gh,  544 

Vaoium  testing,  545 

~-  Tomcelluuj,  535 

Varlc^r  transformer,  452 

Victoria  dynamo,  364 

— -  Mordey,  alternator,  264 

Volatilisation  of  carbons,  497 


ZIN 


Volt,  the,  19 
Voltameter,  467 

Voltmeter,  Ayiton  and  Peny's  low*read« 
inf  ,  190,  46t 

—  Cardew,  17^ 

—  —  low-reading,  189 

—  Evenhed,  107 

—  Thomson,  electrostatic,  198 
Voltmeters,  elcctro-magn^c,  195 

—  joining  up,  195 


Wall  socket,  foS 

Waste  of  power  in  conductors,  444,  577 

Watt,  the,  39 

Weak  currents,  galvanometer  for,  170 

Wdding,  transformer  for,  459 

Werdemann  lamp,  503 

Whealstone  alternator,  044 

—  bridge.    See  Bridge 

Winding  electro-magnets,  various  methods 

of,  aao 
Woodhouse  and  Rawson  switches,  605 
Work,  unit  of.  41 
Wrought-  and  cast-iron  for  field-magnets 

■94 


Zmc,  consumption  of,  in  cells,  79 

—  -carbon  cell,  47 

—  slabs  for  dynamo  bedplates,  338 
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Nelson's  (Lord)  Letten  and  Deqiatdhes.  Edited  by  J.  K.  Lani^ston.    8vo.lfi, 
Pmib*  The  Fall  of  Constantinople.    8va  16a. 
Porter's  History  of  the  Corps  of  Boyal  Engineers.    2  vob.  8va  86«. 
Bawllnson's  The  History  of  Pbcenida.    8vo.  24f. 
BusseU's  (Lord  John)  Life.    By  Spencer  Walpole.    8  vols.  8to.  3C«. 
Seebohm's  OsdSacd  Befonners— Oolet»  Brasmus,  A  Hon,   8vo.  lir. 
BhortPs  History  of  the  Chnroh  of  England.    Crown  8va  7«.  Bd. 
Smith's  Carthage  and  tiieOsxtbaginians.    Grown  8vo.  6a. 
Stubbs'  History  of  the  TTniversity  of  Dublin.    8vo.  I2s,  64. 
Taylor's  Mannal  of  the  History  of  India.   Orown8vOb  Ts.  6d. 
Tattle's  History  of  Prussia  onder  Frederiolc  the  Ovaat,  1740-1788. 8  voiaor.8vo.18i. 
Walpol^  Uistoiyof  Bnf^d,  from  1818.  6  volsi  8vo.  YoIsl  148, 1818-1888, 88«. 

VdL8,188S-1841,18«.    Vols.  4  &  8, 1843-1888, 86a. 
Wyli^s  HiBtoiy  of  E"g^«"''  under  Henry  IT.   YoL  1,  erown  8va  10a.  6d. 
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EPOCHS    OF   ANCIENT    HISTORY. 

Bdited  by  the  Rev.  Sir  G,  W.  Ck)X,  Bart.  MJL.  and  by  0.  Sankbt,  ]iA« 
10  volnmesi  tcp,  8vo.  with  Mape,  price  S«.  6d.  each. 

The  Graoohl,  MArins,  and  SnllA.    By  A.  H.  Boesly,  MA.    With  2  Haps. 

The  Early  Roman  Empire.    By  the  Rey.  W.  Wolfe  Oapee,  MJL.    With  2  Maps. 

The  Roman  Empire  of  the  Second  Century.   By  the  Rev.  W.  W(df e  Oapoa»  M  A. 

With  2  Maps. 
The  Athenian  Empire  from  the  Flight  of  Zerxes  to  the  Fall  of  Athens.    By  the 

Rev.  Sir  G.  W.  Cox,  Bart  MJL.  With  5  Maps. 
The  RlBe  of  the  Macedonian  Empire.  By  Arthur  M.  Oorteis,  M.A.  With  8  Maps. 
The  Greeks  and  the  Persians.  By  the  Rer.  Sir  G.  W.  Cox,  Bart.  With  A  Maps. 
Rome  to  its  Capture  by  the  Gauls.  By  Wilhelm  Ihne.  With  a  Map. 
The  Roman  Triumvirates.  By  the  Very  Rev.  Charles  Merivale,D.D.  With  Map. 
The  Spartan  and  Theban  Supremacies.  By  Charles  Sankey,  M.A.  With  5  Maps. 
Rome  and  Carthage,  the  Funic  Wars.    By  R.  Bosworth  Smith.    With  9  Maps. 

EPOCHS    OF    MODERN    HISTORY. 

Edited  by  C.  Colbzck,  M.A.  19  volumes,  fcp.  Svo.  with  Maps.  Price  2$,  M.  each. 

The  Befriiining  of  the  Middle  Ages.  By  the  Yery  Rev.  R.  W.  Chnroh.  With  3  Maps. 

The  Kormans  in  Europe.    By  Rev.  A.  H.  Johnson,  M  JL    With  8  Maps. 

The  Crusades.    By  the  "Rev,  Sir  G.  W.  Cox,  Bart.  M.A.    With  a  Map. 

The  Early  Flantogenets.    By  the  Right  Kev.  W.  Stubbs,  D.D.    With  3  Maps. 

Edvmrd  the  Third.    By  the  Rev.  W.  Warburton,  M.A.    With  3  Maps.' 

The  Houses  of  lancaster  and  York.    By  James  G&irdner.    With  6  Mmw.  . 

The  Early  Tudors.    By  the  Rey.  C.  E.  Moberly,  M  JL. 

The  Era  of  the  Protestant  Resolution.    By  F.  Seebohm.    With  4  Mapa. 

The  Age  of  Elizabeth.    By  the  Rev.  M.  Creighton.  M.A.  LL.D.    With  6  Maps. 

The  First  Two  Stuarts.    By  Samuel  Rawson  Gardiner.    With  4  Mapa. 

The  Thirty  Years*  War,  1618-1648.   By  Samuel  Rawson  Gardiner.   With  a  Map. 

The  English  Restoration  and  Louis  XIV.,  1648-1678.    By  Osmund  Airy. 

The  Fall  of  the  Stuarts.    By  the  Rev.  Edward  Hale,  M  JL.    With  11  Maps. 

The  Age  of  Anne.    By  E.  E.  Morris.  M.A.    With  7  Maps  and  Plans. 

The  Early  Hanoverians.    By  E.  E.  Morris,  M.A.    With  9  Maps  and  Plans. 

Frederick  the  Great  and  the  Seven  Years'  War.  By  F.  W.  Longman.  With  2  Maps. 

The  War  of  American  Independence,  1775-1783.  By  J.  M.  Ludlow.  With  4  Mi^ 

The  French  Revolution,  1789-179fi.    By  Mrs.  S.  R.  Gardiner.    With  7  Maps. 

The  Epoch  of  Reform,  1880-1860.    By  Justin  McCarthy,  M J». 

EPOCHS   OF   CHURCH    HISTORY. 

Edited  by  the  Rev.  MA2a>iLL  Creighton.    Fop.  8vo.  price  2*.  Sd,  eaoh. 

The  English  Church  in  other  Lands.    By  the  Rev.  H.  W.  Tucker. 

The  History  of  the  Reformation  In  England.    By  the  Rer.  George  G.  Perty. 

The  Church  of  the  Early  Fathers.    By  Alfred  Plummer,  D.D. 

The  Evangelical  Revival  in  the  Eighteenth  Century.   By  the  Rev.  J.  H.  Overton. 

A  History  of  the  University  of  Oxford.    By  the  Hon.  G.  C.  Brodrick,  D.CX. 

A  BUstoxy  of  the  University  of  Cambridge.    By  J.  Baas  Molllnger,  M.A. 

The  English  Church  in  the  Middle  Ages.    By  Rev.  W.  Hunt,  M.A. 

The  Arian  Cbntroversy.    By  H.  M.  Gwatkln,  M.A. 

WyoUfle  and  Movements  for  Reform.    By  Reginald  L.  Poole. 

The  Counter-Reformation.    By  A.  W.  Ward. 

The  Church  and  the  Roman  Empire.    By  the  Rev.  A.  Carr. 

The  Church  and  the  Puritans,  1670-1660.    By  Henry  Olfley  Wafeeman. 

The  Church  and  the  Eastern  Empire.    By  the  Rev.  H.  F.  Toaer. 

Hildebrand  and  His  Times.    By  the  Rev.  W.  R.  W.  Stephena. 

The  Popes  and  the  Hohenstanfen.    By  Ugo  BalcanL 
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Armflbroos'fl  (■-  JO  Ufa  •ad  Le  ttocs.  Edited  by  0-.  V.  Armaferong.  Vo^  6to.  7i.6tf . 

BM0&'aLte8MidI«M«B,l7  8peddizig.    7  to1«.  Sro,  £4. 4f. 

BtffehoftViBlognptaiaal  StodieB.    1  yoL6TO.  Ui. 

Bnrdett*B  Frinoe,  Prinoev,  and  People :  the  Public  LUe  sod  WorSca  of  TJLH« 
the  Plinoe  and  Prfnoan  of  Wales.    8to.  Us, 

Oarlyle^a  (Mn.)  Letfcen  and  Hemoriala.    8  toIi.  Syo.  Wt» 

Clavers,  the  Despot's  Ohampion.   ByASoatheni.    Crown  8vo.  7f.  6i. 

XngUsh  WorthiflB.    Bdltod  bj  Andrew  Lang.    Crown  8vo.  each  Ij.  sawed; 


Bbeele.    67  Austin  Dobeoo. 
Ben  Jonaon.    By  J.  A.  Symoads. 
George  Oanninjr.    By  Frank  H.  HllL 
Glaverhoasflu    By  Mowbny  Monia. 


U«d.oIoth. 
Ohaxles  Darwin.  By  Ghrant  Allen. 
Bhaftasbiry  (The  First  ■arl).    By 

H.  D.  TraiU. 
Admiral  Blake.  By  Dayld  Hannay. 
Kailborouflb.  By  Geo.  Baintnbuy. 

Fbz  (Gharlea  James)  The  Baily  History  ot  Bt  Sir  G.  O.  Tmrdyan.    Gr.8T0.S«. 

Fronde's  Gaeaar :  a  Sketoh.    Grown  8vo.  34.  6d. 

Hamilton's  (Sir  W.  R.)  Life,  by  GraTes.    8  vols.  Sto.  16<.  eaoh. 

Havelock's  Ufa,  by  ICarahman.    Crown  8to.  Bj.  Sd, 

Jenkin's  (Fleeming)  Papen,  Llterazy,  Scientific,  Aa  With  Memoir  by  B.  L. 
Stevenaon.    2  yola.  8vo.  83«. 

Langhton*8  Stodies  in  Kaval  History.    8vo.  10«.  6d. 

]Cacstilay*ti  (Lord)  life  and  Lettezs.  By  his  Nephew,  Sir  G.  O.  Trerelyan,  Bart. 
Popular  Rditlon,  1  toI.  or.  8to.  2t.  6d.  Student's  Edition,  1  toL  cr.  8vo.  U, 
Cabinet  Bdltion,  t  ▼ols.  post  8vo.  Iff.    Llbnry  Edition,  S  7ol8.  Sro.  861. 

HcDougnIl*8  Memoirs  (Bishop  of  Labuan).    By  C.  J.  Buuyou.    8vo.  14<. 

MandelaBohn's  Lettara.   Trandated  by  Lady  Wallace.   S  vols.  cr.  Svo.  8s.  aaeb. 

]f11Uer*8  (Haz)  Biographical  Bsaays.    Crown  Sro.  7s.  6<L 

Newman's  Apologia  pro  VltS  Suft.    Crown  8to.  61. 

Pasteur  (Louis)  His  Life  and  Lobouza.    Crown  gva  It,  6<L 

Bhakesponre.  Oatlino  of  the  Life  of.  By  J.  O.  HaUiwell-Phillippe.  Dlnstrated. 
2  vols,  royal  8vo.  21*. 

Shakerrpeare's  True  Life.  By  James  Walter.  With  500  Illustrations.  Imp.8TO.81s. 

Southey's  Corraspondonae  with  Caroline  Bowles.    Bvo.  I4«. 

Stephen's  Easays  in  Socliwiasldaal  Blografdiy.    Crown  8to.  7f .  M. 

Ylgnotoe*  (C.  B.)  Life.    By  his  Son.    8vo.  IBs, 

Wdlington'a  Life,  by  Glaig.    CSrown  Sro.  e«. 

MENTAL  AND   POLITICAL  PHILOSOPHY,   FINANCE.    Ac. 

Adams'  Public  Debta ;  an  Essay  on  the  Soienoe  of  Finance.   9ro,  I2t.  M. 
AnuMf  View  of  the  Soienoe  of  Jurlspmdenoai    8to.  ISt. 

—  Primer  of  the  BuRlish  Constitution.    Crown  Svo.  Ss, 
Baoon's  Easays,  with  Annotations  by  Whately.    8to.  lQs.9d» 

~       Works,  edited  by  Soecldin?.    7  vols.  Svo.  78s.  64. 
Banrehof  8  Economic  Studies,  edited  by  Hntton.    Svo.  1 0».  8dL 
Bain's  Logic,  DeductiTe  and  InductiTS.    Crown  8yo.  J  On.  61L  \ 

Part  L  Deduction.  A*.        I        Part  n.  TndueUon,  81.  M^ 

—  Wsntal  and  Moral  Science.    Grown  Rro.  10».  M, 
■^    l%ie  Seizes  and  the  Intellect.    Syo.  18s. 

—  Tho  Eittotions  and  the  Will.  Svo.  15s.  1 
Bamett'n  Practicable  Socialism.  Crown  8to.  2*,  Bd.  > 
Blake's  Tables  for  tho  Conversion  of  5  per  cent.  Interest  [from  V?  to  7  ,  er  cent. 

8to,  12*.  6d.  ^ -^-__^ 
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OMe'B  Fhysical  Realism.    8to.  lAf. 

Ommp'i  Short  Rnqoizy  Into  tbo  Fonrntion  of  BngUah  PoUtloal  OplnifOn.  8yo.  7  j.6<rl. 

—  Ceases  of  the  Oreat  Fall  in  Prioee.    870.  B*. 

Dowell*!  A  History  of  Taxation  and  Taxes  in  Bngland.    8to.  Vols.  1  &  3,  Us, 
Vols.  3  «» 4,  Sis. 

Oreen*a  (Thomas  Hill)  Works.  (8  Tola.)  Vols.  1  &  2,  Philoeophioal  Works.  Sro. 
16«.eaoh.    V6L  8,  Miscellanies.    With  Memoir.    8to.31«. 

Hnme's  fisBBys,  edited  Xry  Oreen  A  Qroae.   S  vols.  Sro.  Ki. 

•—      Treattoe  of  Human  Nature,  edited  by  Oreen  A  Grooe.    9  vols.  Sro.  S8s. 

Xirknp*8  An  Inquiry  into  Socfaliwm.    Grown  8vo.  6f . 

Lad^s  Elemfints  of  FhysiologicBl  Psychology.    8to.  21s, 

Lang's  Oustom  and  Myth:  Studies  of  SarlyUsagtaud  Belief.    Crows  8vd.  7«.  Sd. 

—  Myth,  Bitual,  and  Religion.    2  toIs.  crown  8to.  2U, 
Leslie's  Baaays  in  PoUtloal  Economy.    Sro.  lOi.  64. 
Lewes's  History  of  Philoaivhy.    2  vols.  8yo.  88«. 
Lubbock's  Origin  of  OlvilisatloiL    Ulnstrated.    8ra  18f. 

Madeod's  The  Elements  of  Economics.    2  toIs.  crown  avo.  7«.  md.  ench. 
~~       The  Elements  of  Banking.    Grown  8to.  b*. 

—  The  Theory  and  Practice  of  Banking.    VoL  1,  Sra  I2«.  VoL  8. 14«. 

—  The  Theory  of  Crclit.  (2  vols,  Pvo.)  Yol.  1, 7s.  Qd.  Vol.  2  [/«  the  press. 
Max  MUller's  The  Science  of  Tnonght.    8vou  21«. 

Miirs  (James)  Analysis  of  the  Phenomena  of  the  Human  Mind.   2  ▼ols.  8'70. 28i. 
MiU  (John  Stuart)  on  Representative  (^oremment.    Grown  8vo.  %s, 
•—  —  on  Liberty.    Crown  8yo.  1«.  4d. 

—  —  Examination  of  Hamilton's  Philosophy.    8to.  ISi. 

—  —  Logia    Grown  8yo.6«. 

—  —  Principles  of  Political  Eoonomy.    8  Tol£.  8to.  8O1*    People's 

Edition,  1  ToL  crown  8vo.  Bs, 

~  —  Utilitsrianism.    8to.  •«. 

~~  —  Three  Essays  on  Religion,  ko,    8to.  8s. 

Mulhairs  History  of  Prices  since  1850.    Crown  8yo.  «#. 
Sandaxb'  Institutes  of  Justinian,  with  English  Notes.    870.  I81. 
Baebobm'B  English  Village  (Community.    8vo.  18s. 
Sully^'s  Outlines  of  Psyohology.    8yo.  12f.  M, 

—    Teacher's  Handbook  of  Psychology.    Crown  8to.  6«.  64. 
Swinburne's  Picture  Logio.    Post  8to.  8j. 
Thompaon'a  A  System  of  Psychology.    2  Tola.  9to.  t$t, 

—  The  Problem  of  Evil.    8to.  10s.  64. 

—I         The  Religious  Sentiments  of  the  Human  Mind.    8vo.  7s,  64. 

—  Social  Progress :  an  Essay.    8vo.  7s,  64. 
Wt  bb'a  Tho  Veil  of  laia.    8to.  lOi.  84. 
Whately'sElemanta  of  Logic   Grown  8vo.  4«.  64. 

—  —      —  RhetoclOL    Grown  8to.  4t,  84. 

Zdler's  History  of  Eclecticism  in  Greek  Phfloaophy.   Grown  8ik».  lOi.  64. 
«      Plato  and  the  Older  Aoademy,  Grown  8vo.  Mil 

—  Pre-Sooratic  Sohoola.   2  Tola,  orown  8to.  80c 

—  Sooratea  and  the  Sooratio  Sohoola.    Grown  8vo.  10*.  84. 
«     Stoics,  Epleoreana,  and  Soeptloa.   Grown  Sro.  I81. 

—  OutUnea  of  the  Hiatoiy  of  Onek  PhUoaopUy.   Grown  8to.  lOi.  64, 
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CLASSICAL    LANGUAGES   AND    LITERATURE. 

^Eacbylns,  The  Bmnenldes  of.     Text,  with  lietaricsU  Sngllih  TtAnalatioii,  bj  I 
J.  IP.  DaviM.    &70.  7i. 

Aristopfaaues'  The  AchamianH,  traofilated  by  B.  Y.  TyzxeU.    Grown  Sfo.  Si.  td.  > 

Aristotle's  The  Bthicsi  Text  and  Notes,  by  Sir  Alex.  Omnt,  Bart.  Svo1s.8to.8Si.  I 

->        The  Nloomaoheen  Sthloa,  translated  by  Williams,  ciown  Sto.  7<.  6& 

—        The  Politios,  Books  I.  HL  IV.  (Vn.)  with  Translation,  ace.  bj 
Bolland  and  Idng.    Crown  870. 7x.  6<l. 

Becker's  Charida  and  GdUtu,  by  IfotcaUe.    Post  8to.  7<.  6d.  each. 
Cicero's  CarreBpondenoe«  Tea:t  and  Notei^  by  B.  Y.  Tyrrell.    Vols.  1  ft  2,  Sro.  ■ 
12«.  each.  I 

Plato's  ParmenideB,  with  Notes,  &o.  by  J.  aCagnire.    8to.  7s,  Bd, 
Virgil's  Works,  Latin  Text,  withOommentaxy,  by  Kennedy.  Crown  8to.  1(^.  6i. 
~      /Rnflid,  translated  into  Bnglish  Verse,  by  Conington.      Crown  8to.  <b. 

—  —  —  —       —         _     byW.J.TbomhiU.  Cr.8T0.7t,W. 

—  Poems,        —  —       _     Prose,  by  Conington.    Crown  Ato,  St. 
Witt's  Myths  of  Hellas,  translated  by  F.  M.  Yonnghusband.    Grown  8vo.  S<.  6i. 

—  The  Trojan  War,  —  —  Fcp.Sro.  S<. 

—  The  Wanderings  of  ITIyiaes,  —  Crown  Sto.  S«.  M. 


ENCYCLOP/EDIAS,    DICTIONARIES,   AND    BOOKS    OF 

REFERENCE. 

Acton's  Modem  Oookery  for  Private  Families.    Fop.  8vo.  U.  6d. 

Ayre's  Treasury  of  Bible  Knowledge.    Fcp.  8vo.  (U. 

Blake's  Tables  for  the  Convei'sion  of  S  per  Cent,  Interest,  ic.    ?ro.  12*.  CJ. 

Oliisholm's  Handbook  of  Commercial  Geography.    29  Maps.    8vo.  IG^. 

ti-wilt^s  Bnoyclopoadia  of  Arohitectore.    8vo.  62*,  ed, 

Keith  Johnston's  Dictionary  of  Geography,  or  General  Gazetteer.    8vo.  42  f . 

Longmans'  New  Atlas.    68  Maps.    Edited  by  G.  G.  Chlaholm.    4to.  or  imperial 

8vo.  lit.  6d. 
IfCQalloGh's  Dictionary  of  Oommeroe  and  Oommerolal  Navigation.    8vo.  eSs. 
Matmder'fl  Biographical  Treasniy.   Fop.8vo.8i. 

—  Histotioal  Treasoxy.    Fcp.  8vo.  6i. 

—  Scientlflo  and  litexaiy  Treasoxy.    Fop.  8vo.  81. 

^  Txeaanry  of  Bible  Knowledge,  edited  by  Ayxe.    Fcp.  8vo.  81. 

.  Treasury  of  Botany,  edited  by  Lindley  8»  Moorsi    Two  Parts,  ISo. 

—  Treasozy  of  Qoograpihy.    Fop.  8vo.  8«. 

—  TreaBozy  of  Knowledge  and  library  of  Bef  erenoe.    Fop.  8to.  6«. 
•—  Tzeasozy  of  Natural  History.    Fop.  8vo.  St, 

Qaatn'a  Diotfonazy  of  Medlolnft.    Medimn  8vo.  81<.  8d.,  or  In  S  vols.  ZIa. 
Beevtfi  Oookery  and  Hoosekeqplng.   Grown  8vo.  61. 
Bidh's  DfotUxiazy  of  Boman  and  Greek  Antiquities.    Grown  8vo.  7i.  6d. 
Bogeirs  Thflsanras  of  Bnglish  Words  and  Phrases.    Crown  8vo.  lOi.  64. 
Wniidhli  Poimlar  Tables*  by  Marriott   Grown  8vo.  10«.  8d. 
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CHEMISTRY,  ENQINEERINQ,  &  GENERAL  SCIENCE. 

AbboU*8  Blem«ntary  Theory  of  the  Tidee.    Grown  8yo.  S#. 
Alleii*0  (G^nnt)  Foraa  and  Bnergy ;  a  Theory  of  Dynamica.    Sro.  7«.  id, 
AmottPi  Blementa  of  FhyBtos  or  Nataral  Fhilooophy.    Grown  Sva  ISi.  6d. 
Boume'i  Oatedhiam  of  the  Steam  Engine,   Crown  Sto.  7«.  6d. 

—  Handbook  of  the  Steam  Bngino.    Fop.  Sto.  9*, 

—  Beoent  Improrements  In  the  Steam  Bpgine.    Fop.  8va  •#• 
Gierke  The  Oaa  Bngine.    With  Illastrationfl.    Grown  Sto.  7«.  td, 
GkkUPB  The  Story  of  Greation.    Illnstrated.    Grown  Sto.  Bs, 
Orookei's  Sdeot  Methods  in  Chemical  Analysis.    Sto.  Ut, 
Galley's  Handbook  of  Fraotloal  Telegraphy.    Sto.  16i. 

Earl's  Elements  of  Laboratory  Work.    Crown  8vo.  4s.  &d. 

Faixbaixn*s  Useful  Information  for  Engineers.    8  Tids.  crown  Sto.  Sis.  Sd. 

—  MOls  and  MiUwork.    1  Tot.  Sto.  SS<. 
Forbes'  Leotoxes  on  Electricity.    Grown  Sto.  5j. 

Qalloway's  Frinolples  of  Chemistry  Fxaotically  Taught.    Crown  Sto.  Bt,  Sd, 
Q-anot'B  Hlementary  Treatise  on  Fhyslce,  by  Atkinson.    lArge  crown  Sto^  ICa. 

—  Natoxal  Philosophy,  by  Atkinson.    Grown  Sto.  7«.  64. 
Oibeon's  Text-Book  of  Elementary  Biology.    Crown  Sto.  ts, 
Harrison*s  The  Creation  and  Physical  Structure  of  the  Eirth.    Sto.  7s,  6cf. 
Hangfaton's  Six  Lectures  on  Phjvioal  Qeography.   Sto.  16j. 

Helmholts  on  the  Senaations  of  Tone.    Boyal  Sto.  38s. 

Belmholti's  Lectures  on  Sdentlflc  Snbjeots.    2  toIs.  orown  Sto*  7«.  Sd.  each. 

Her8chel*s  Outlines  of  Astronomy.    Square  orown  Sto.  1S«. 

Hjelt's  General  Organic  Chemistry.    Crown  8vo.  [/n  the  press, 

Hudson  and  GoBse's  The  Botlfera  or  'Wheel  Animalcules.'  With  34  Plates. 
6  parte.  4to.  10«.  6d.  eaoh.  Supplement,  12«.  Q<L  Complete,  S  toIs.  4to.  with 
Supplement,  £4.  4s, 

Hullah's  Lectures  on  the  History  of  Modem  Music    Sto.  St.  6d. 

—  Itansltion  Period  of  Mnsioal  History.    Sto.  10s,  M, 

Jago^s  Inorganic  Chemistry,  Theoretical  and  Practical.    Fcp.  Sto.  2s,  Sd. 

Jeans'  Handbook  for  the  Stars.    Royal  Sto.  is, 

Kdbe's  Short  Text-Book  of  Inorganic  Chemistry.    Grown  Sto.  7«.  6d. 

Lloyd's  Treatise  on  Magnetism.    STa  10«.  6d. 

Maoalister's  Zoology  and  Morphology  of  Yertefarate  Animals.    Sto.  lOi.  64. 

MaoCarren's  Lectui^  on  Hannony.    Sto.  1  is, 

—     ^ '  AddresBes  and  Lectures.    Grown  Sto.  St,  6d. 

Martin's  KaTigation  and  Nautical  Astronomy.   Boyal  Sto.  ISi. 

Meyer's  Modem  Theories  of  Chemistry.    Sto.  IBs. 

Miller's  BlementB  of  Chemistryi  Theoretical  and  PractloaL  8  toIs.  Sto.  Part  I. 
Chemical  Physics,  16«.  Part  II.  Inorganic  Chemistry,  S4f.  Part  in.  Organic 
Chemistry,  price  81s.  6d. 

Mitchell's  Manual  of  Practical  Assaying.    8TD.8U.ed. 

—  Dinolntion  and  BTdnUon  and  the  Science  of  Medlnfne.   Sto.  16s. 
Noble's  Hours  with  a  Three-inch  Telesoope.    Grown  8to.  4s.  6d. 
Nortbootfs  Lathes  and  Taming.    8T0.1Sf. 

OliTer's  Astronomy  for  Amateurs.    Grown  Sto.  7s.  6d. 

Owen's  GomparatiTc  Anatomy  and  Physiology  of  the  YBEtebnita  Animals. 
8  TOfai.  Sto.  73*,  9d, 
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Klnhahlwm'B  Tlie  Oommonhealth ;  a  Swles  oC  Bmbtb.    Crown  Bro.  6i. 
BobtOai'ft  linoteum  AinlyBla.    8vo.  81^  64, 
BooM^  Weather  Ohaits  and  Stonn  Warnlnga    Grown  Svo,  U. 
Bennett^  Treatlae  on  the  Marine  Steam  Bngtaw,    Sra  SU. 
Slingo  A  Brooker*8  Electrical  Engineering  for  Blectric  Light  Artisans.   Crown 
8to.  10«»6d. 

Smith's  OraphicB,  or  the  Art  of  Oalenlatlon  bj  Drawing  linea.     Fart  I.  with 
Atlas  of  Plates,  8to.  lU. 

Btoaej'i  The  Theory  of  the  Streawo  on  Ginler«»  Ao.    Bofal  flro.  Mi. 

Thorpe*s  Dictionary  of  Applied  Chemistry.    8  rols.    Vol.  1, 43«. 

THilan'a  Praofeioal  Gtaemiatzy.    Wop,  8?o.  U»  6d. 

iPyndalTs  fanday  as  a  Dleoorerer.    Grown  8vo.  Si.  6d. 

—  Floating  Matter  of  the  Air.    Grown  8to.  7«.  M. 

—  Vragments  of  Sdenoe.   8  ^olfl.  post  9wo.  lAt. 

—  Heat  a  Mode  of  Motion.    Grown  8vo.  13$, 

—  Leotnrei  on  Light  deUvered  In  America.    Orawa  Sro.  ii. 

—  Lessons  on  Eleotrioity.    Grown  8yo.  Si.  M, 

->       Motes  on  Blectiiaal  Phenomena.   Crown  Svo.  It.  sewed,  U.  84.  doth* 
mm       Hotes  of  LeoRUQS  on  Light.    Grown  Sto.  U,  sewed,  U.  8iL  elofch. 

—  nesearohes  on  Diamagnetism  and  Kagne-GrystaDto  Aotlon.    Gr.  Svo. 

.       Bonnd,  with  Frontispiece  and  808  Woodcata.   Crown  8to.  18e.  84. 

Unwind  The  Testing  of  Materlali  of  GooBtmotlon.   Dlnstrated.    Sto.  aik 

Watt^  DIofeionary  of  Chemistry.    New  Edition  (4  toIs.).    Vols.  1  and  9,  Bro^ 
iSit,  eaoh. 

WebhPe  Celestial  Ohjeots  for  Common  Telescopes.   Crown  8to.  9t, 

NATURAL   HISTORY,   BOTANY,   h   QARDENINQ. 

Bennett  and  Morray's  Handbook  of  Cryptogamto  Botany.    8to.  16«. 
Dixon's  Bnral  Bird  Life.    Crown  8vo.  Dlnstntlong,  ii. 
Hartwlg's  Aerial  World,  Svo.  10«.  6d; 

—  Polar  World,  Svo.  lOi.  64. 

«       Sea  and  its  Living  Wonders.    8vo.10f.84. 

•—       BaMBtxaaean  World,  Svo.  10«.  84. 

~       Tropioal  World,  Svo.  10«.  84. 
Liadlqy's  Treaeuy  of  Botany.    3  vols.  tep.  Svo.  13s. 
London's  BnoyQIopndia  of  Gardening.    Svo.  81<. 

—  —  Plants.    Svo.  iSi. 
Uvors's  Qrohard  House.    Crown  Svo.  6t. 

—  Miniature  nroit  Ctexden.    Fbpu  Svo.  4», 

Btaaky's  Familiar  History  of  British  Birds.    Grown  Svo.  8«.  6cL 
Wood's  Bible  Animals.    With  US  Vlgnettea.    8vo.l0«.84. 

—  Homes  Wftthoat  Hands,  Svo.  lOt.  84. 

—  Inaeots  Abroad,  Svo.  lOf .  64. 

«  laseotsaikHome.   With  7D0  IDuatnfcUuiBa.   •fo.]0«.84. 

—  Ont  of  Doon.   Grown  Svo.  it* 

—  FMland  Bevidted.   Grown  Svo.  8a  «4. 
«-  Strange  DweUings.   Grown  Svo^  Zt,  64. 
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AiBold*!  (B«?.  Dr.  ThomM)  Bflononi.   •  vtAi.  orown  Sro.  fi«.  «Mili. 

Booltbee's  Onramwitary  on  the  89  Arttdoa.    Grown  Sra  <t. 

Browiie'a  (Bkhop)  Bq^tlon  of  the  89  Aitfotoe.    8to.  19$, 

BnUinger*!  Oriticel  Lexicon  and  Oonoordanoe  to  the  BngUah  and  Greek  New 
Teefeamentw    Boyal  8vow  lfi«. 

Oolenio  on  the  Pooitateooh  and  Book  ol  Joshoa.   Grown  8vo.  81. 

Gender*!  Handbook  of  the  Bible.   Fort  Sto.  f$.  M, 

Oonybeare  h  Howion'i  life  and  Letters  of  St.  Fanl  :— 

LIbrazy  Bdltlon.  with  Maps,  Plates,  and  Woodcnta.   3  vols,  aqnare  arown 

SvaSlf. 
BtQdent*8  Edition,  revtaed  and  oondenaed,  with  48  lUostntlons  and  Maps. 

1  ytL  erown  8to.  6«. 

DaTld8on*i  Introdoctlon  to  the  Stady  of  the  New  TefttamenK    9  ▼ol<«<  9vo.  80i. 
Bdecshelm't  lite  and  Times  of  Jesoa  the  Meniah.  Libmn"  Editiou.  8  Tola.  Sro. 
•  .    9ii.    Cabinet  Edition.    (Abridged.)    Crow-n  8to.  7s,  lid. 

—        Fropheo  and  History  In  relation  to  the  Messiah.    8to.  I81. 

nileotfs  (Bishop)  Commentary  on  St.  Paul's  Bpiitles.  8vo.  Corinthians  1. 18«. 

Qalattans,  f^t,  M,  Ephealans,  8«.  M,  Pastoral  BpiBtles, 
lOf.  8d.  PhUiopiana,  OolosiianB  and  Philemon,  l(te.  8A 
TheesalonianB,  7$.  $d, 

—  — •       LeotTxres  on  the  Lif e  of  onr  Lord.    8vo.  18i. 
Bwmld's  Antiquities  of  Israel,  translated  by  SoUy.    8to.  18*.  9(L 

«     History  of  Israel,  translated  by  Carpenter  Si  Smith.    8  vols.  8vo.  Vols. 
1  *  8,  341.   Vols.  8  8»  4»  31«.   Vol.  8,  ia«.    VoL  6,  18«.   VoL  7,  SU 
VoL8,18«. 
Hobart^s  Medical  Langnage  of  St.  Lnke.    8va  18«. 
Hopkins's  Ohrist  the  Consoler.    Pep.  8to.  is,  6d, 
Hntohinson^  The  Record  of  a  Human  Soul.    Fcp.  8yo.  9s,  9d, 
Jameson's  Sacred  and  Legendary  Art.    8  vols,  square  Sro. 
XiSgenda  of  the  Madonna.    1  toL  31«. 

—  —    —    Monastio  Orders.  1  yoL  8U. 

—  —    — *    Sainu  and  Martyrs.    8  vols.  81i.  84. 

—  —    —    BaYioor.    Completed  by  Lady  Bastlake.    ST0]s.i8«. 
Jnkes's  New  Van  and  the  Btemal  Life.    Crown  Sro.  8s. 

—  Second  Death  and  the  BoBtitntiou  of  all  Things.    Crown  8to.8f.8d. 

—  Typsi  ef  Oeneste.    Crown  8to.  7i.  «d. 

—  The  Mystaiy  of  the  Kingdom.    Crown  8to.  8«.  6d. 

—  The  Names  of  God  in  Holy  Soripfcnre.   Crown  8to.  4j:  8d. 

Lyra  Qermanlaa :  Hymns  translated  by  Miss  Winkworth.    Pop.  8vo.  8s, 

Maodonald's  (G.)  UniPoken  Sermons.  First  and  Second  Series.  Grown  8to.  8«.  6<i. 
each.    Third  Seiiea.    Crown  8to.  7«.  6d. 

«  The  MlTarlfls  of  onr  Lord.    Grown  8to.  8s.  8d. 

Manning's  Tempond  Mission  of  the  Holy  Ohost.    Crown  Svo.  8s.  8d. 

Martinean's  Endeayonrs  after  the  Christian  Life.   Crown  8yo.  7s.  8d. 

—  Hymns  of  Praise  and  Prayer.   Crown  8to.  is.  8d.    Sfmo.U.8d. 

—  Sermons,  Hoars  of  Thought  on  Saored  Things.    3  yols.  7a,  8d. 
Max  MllUer's  Origin  and  Growth  of  BelUrion.   Crown  8yo.  7j.  84. 

—  —      Science  of  Beligion.    Onmu  irvo.  7«.  8d. 

—  _.      Gilford  Lectures  on  Natural  Beligion.    Grown  870. 10«.  84, 
Mosley's  The  Word.   Grown  8vo.  7s.  8<f. 


1 


LONGMANS,  GBEBN,  &  CO.,  London  and  Kew  YoriL 


L. 


r 


MewBMi'B  Apologia  pro  VlU  BoA.    Orown  «yo.  6i. 

—  Thia  AzlanB  of  the  Fourth  Oeatury.    Grown  Sro.  €s, 

—  Th*  Idea  of  a  UniTaralty  Defined  and  lUnsttated.    down  ^^v.  7«« 

—  HielofiaalSkekQhfli.    S  toU.  crown  8to.  Sc  eadh. 

—  PhooflriOM  and  Azgnments  on  Vaiioos  Sobjeota.    Grown  8to.  u, 

—  An  ■bmj  on  ttie  Derelopment  of  Ohilstlan  Dootriae.    Grown  Sfo,  Ci, 
-^       Oertain  Difflotdtiei  Felt  1^  AngHrauiB  in  Cbtholio  Teaching  Cob- 

ddered.    VoL  1,  orown  Sro.  7t.  6d.    VoL  %  crown  Sro.  Sj.  6(L 

—  Tlie  Via  Media  oC  the  Anglioan  Ghuroh,  ninstntod  In  Leotnree,  Ao. 

S  Toia.  crown  8yo.  U.  eaxsku 

—  BtMBja,  Ohtioal  and  HistorloeL    9  toIi.  crown  8vo.  11«. 

Baaye  on  Biblical  apd  on  Eocleaiawtioal  Iftnioif ,    Crown  Svo.te 

—  Present  Position  of  Catholics  in  England.    Crown  8to.  7t.  Bd, 
•—       An  Ranj  In  Aid  of  a  G-rammar  of  Anent.    7«.  6d. 

—  Select  Treatiaen  of  St.  Athanaxiiw  in  Controversy  with  the  Azlana. 

Translated,    i  tola,  crown  8to.  lis. 

Newnham'8  The  All-Father.  Sermons.  With  Preface  by  Edna  Lyall.  Cr.8To.4<.6d. 

Perring's  The  *  Work  and  Days '  of  Moses.  Zm.  6d. 

Reply  to  Dr.  Lightfoot's  Essiiya.    By  the  Author  of  *  Supematoral  Religion.* 
8  TO.  ds, 

Roberts'  Greek  the  Language  of  Christ  and  His  AposUea.   8to.  18i. 
BapematoralBeligion.    Complete  Bdition.    S  vols.  8to.  86<. 
Twella'  Colloquies  on  Preaohing.    Grown  8to.  6i 

YoxuighudDand's  The  Story  of  Our  Lord  told  in  Simple  Language  for  Childmin« 

Dlnstrated.    Grown  Bra  Sj.  6d.  dloth. 
—  The  Story  of  Genesis.    Grown  8to.  S<.  6J.  cloth. 

TRAVELS,    ADVENTURES,   &c. 

Baker's  Bight  Teaxi  in  Ceylon.    Grown  8T0.U. 
—      Rifle  and  Hound  in  Ceylon.    Grown  8to.  Si. 

Bra— y's  Sunshine  and  Storm  in  the  East.    Library  Edition,  Sra  SLi.    Cabinet 
Edition,  orown  Bvo.  7s,  6d,    Popular  Bdition,  4to.  Sd. 

—  Voyage  in  the 'Sunbeam.*   Library  Edition, 8to. Sl<.  Oatalnet Bdttioo, 

or.  8vo.  7t,  Sd.    School  Edit.  fcp.  8vo.  is.    Popular  Xdit.  4to.  M. 

—  In  the  Trades,  the  Tropics,  and  the 'Boarmg  Forties.'  Oabinet  Bdtticn, 

orown  8to.  17s.  6d.    Popular  Edition,  4to.  Sd, 
»        Last  Journals,  1886-7.    Illustrated.    8to.  21$. 

Bryden's  Eloof  and  Karroo.   Sport,  Legend,  &;c.,  in  Cape  Colony.    8to.  Ids.  6<i, 

Cecil's  Notes  of  my  Journey  Round  the  World.    8vo.  12s,  M, 

Clutterbuck's  The  Skipper  in  Arctic  Seas.    IHostrated.    Crown  Sro.  IQs.  M, 

Coolidge's  Swiss  Trayel  and  Swiss  Guide-Books.    Crown  Sro.  lOi.  9d, 

Crawford's  Reminiaoenoes  of  Foreign  TrayeL    Grown  Svo.  Ss. 

Deland's  Florida  Days.    lUnstrated.    4to.  21.t. 

Fronde's  Ooeana ;  or,  England  and  her  Gdoniea.  Gr.  8va  Ss.  boards ;  Si.  6d.  eloth. 

—  The  English  in  tiie  West  Indiea.    Crown  Sro.  Si.  boards ;  S«.  6d,  doth. 

Howitt'a  YisitB  to  Remarkable  Places.    Grown  8to.  6s, 

Jamea^  The  Long  White  Mountain ;  or,  a  Journey  in  Kanchuiia. 

Lees  and  Clutterbuck's  B.a  1887 :  a  Ramble  In  British  Columbia. 

Lindf  a  FIctnreaque  New  Guinea.    4to.  42s, 

Norton's  Guide  Book  to  Florida. 

PennelTs  Our  Sentimental  Journey  through  France  and  Italy. 

BUey'a  Athos ;  or,  The  Mountain  of  the  Monks.    8vo.  Sla. 

Smith's  The  White  Umbrella  In  Mexico.    Fcp.  8to.  ts.  €d. 

Three  In  Norway.    By  Two  of  Tbam.    Ckown  Sro.  tt.  beaxda ;  ta.  Mdoth. 

Willoughby'a  Bast  Africa  and  its  Big  Gteme.    8to.  21s, 
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WORKS    BY    RICHARD    A     PROCTOR. 

r  AiUnntrmT.    11  Futi,  it.  td.  eucb,    Sopplemenuiy  Efctlon,  li. 

. ._  .  .,1  ^^„  f^  [J,  jj„„  effuUiatlen. 

Wltb  Dbut  tnd  Dliigmtii.    Crown  Std.  tj. 


Tba  Oits  Aroimd  Ut 

'orlda  ttum  Onn.    With  It  ninat 

TbalCooii.    WIlhFlitas.  OtauU,  WoadcaU,uiil  FfadUgnpbi.    Crown  E 

nnlTtTH  of  BUn.    With  ncbirtB  Had  nSUgnmB.  tTa.lOi.M. 

Light  Bdanu  tor  Lelam  Hoon,    V  loli.  crown  Stsl  Hi.  todi. 
d  LncIc.    CroTD  Sro.  Ij.  boudi ;  !i.  M.  clolb. 

lAigot  Stut  Atl»  [ar  the  Library.  Id  II  Circulai  Uajp*.    Folio.  1S4. 

~  u  AtlM,  Id  13  Clicahu  Majia  (with  9  Index  Plata).    Crown  in.  > 

The  Student's  Atlu.    13  Circitltr  Uapa.    Sto.  ti. 

TmultistVeniu,  With:lDLlth(ignptilaFliitci;imd  SSIHuEtntlanl.  evo.8t.td. 

BtndlH  ol  Veniu-Traiulti.    With  7  Dlagimnu  and  10  Plates,    Sto.  b. 

entarj  PtijhlcalOeogiiiplij.   With M Majih and  Woodcuti.   Fcp.Bl0.li, 
iDi  Id  Elementsiy  ABtrononiy.    With  IT  WoodcuU.    Fcp.  8to.  U  Sd. 

nnt  Bt«ja  In  QeometT7.    Fcp.  8vo.  3t.  6d. 


.    Crown  Sto.  3j.  sd. 


Bkiq-L. 

to  Play  Whiat,  wltb  the  Iatb  and  Etiqaette 

1  Whin :  an  Easy  Ontde  to  Correct  Flay.    IGmo.  li. 

The  FaeQ7  of  Aitronomf .    Ciowa  8>0. 14. 
ImparUl  Sto.  Si. 

SUeDgtb  and         -inna.    With  s  lUnitrKdani.    down  Sto.  SJ. 

The  Senniis  Iict°rod  in  Forty-eight  Sun-Vlewi  oE  the  Earth,  and  Tweoty- 
Zodiacal  Ma|ie  and  olhcr  Dnntngi.    Demy  4to.  Bi. 
beStarFriDier;  ehowlDg  the  Etarry  Bky.  week  by  wc£k.    CT0WD4ta.SJ, 
atoie  Btodles.  By  Qtant  Allen,  A-WUsgn,  K.  Clodd,  and  B.  A.  Pioctor.  Cr.  Bv 

LeliDIe  Readings.    By  B.  Clodd.  A.  Wilson,  and  &.  A.  Prootor,  lu.    Cr.Sri 

Bough  Waya  Uada  Smooth.    Crown  8»0.  U. 


The  Gxpanu  ol 


10  Wooden  ol  the  Fiimainent.    Crown 


pleaaaot  Wayi  to  Science.    Crown  Sre. 
Uytiia  and  Uarrela  of  Aatronomy,    Grown  8vo. 
Tlie  Oieat  Fyiamld :  Obserratoiy,  Tomb, 


Temple.    Crown  Svo.  Sj. 

AQRICULTURE,    HORSES,    DOGS,    AND    CATTLE. 

Fttiwjgism'iHarKaanlBtablei.    Bm,et. 
UuydtThoBoleiiaeot  Agrlcoltuie,    Sto.  lii, 
Iioudon'i  BooTOlopBdla  of  AgTlcoltara,    tlj. 

Prothso'aPlaneenudPtoettiaot  BngUah-Fannlng.    Oiown8TO.E(. 
GUcl'i  DlMuei  ol  the  Ox,  ft  UnaiMl  ot  Bcnlna  VMaAnfj.   ftn,  IGi. 


Dog. 
hi  Health  and  DIseaie. 
Dif  lor't  Aplinltiml  Now  Book.  Pop.  St 
VIUoDAraH'.-lal&Unurei.  by  Cruoked,    8 
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WOKKb    OK 
Bj  H.  BnucB  Haqoaudl 
She :    a    History   of 
ninstrsted.    8«.<d. 
AIlanQnatcrmain.  Illi3strat€(L3«.  6d. 
Maiwa'B  Bevenge.  24. bds. ;U,6d.cL 
Colonel  QaarltdL.    8<.  Sd. 
Oleopatra.    Illastrated.    Oj. 
Beatrice.    Ca. 

By  the  Earl  qf  Beacons kikui. 


Alroy,  Ixiou,  lie. 
Bndymion. 
The  Yoang  Doke. 
Contarini  Fleming. 
Henrietta  Temple. 


Vivian  Grey. 
Venetia. 
Ooningsby. 
Lothair. 
Tancred. 
Sybil. 

Price  U.  each,  bda. ;  U.  6<t  each,  doth. 
The  HuoHEKDKM  Editiox.    With 

2   Portraits   and    11    Vignettes. 

11  TOls.    Crown  «vo.  42«. 

By  G.J.  Whytk-Mklvillk. 

The  Gladiatorsi.   I    Kate  Coventiy. 

The  Interpreter.      Dlgby  Grand. 

Holmby  Honse.  |    General  Boanoe. 

Good  for  Nothing.  Queen's  Maries. 
Price  U.  eadi,  bds. ;  1j.  6d,  each,  cloth. 

By  Blitabeth  M.  Sewxll. 


Cleve  HalL 

Ivors. 

Efirrs  Danghter. 


Amy  Herbert. 
Gertrude. 
Ursula. 

The  Bxperience  of  Life. 
A  Glimpse  of  the  World. 
Katharine  Ashton. 
Margaret  PerolvaL 
Laneton  Parsonage. 
l«.6d.  each,  cloth;  to.6d.eaoh,  gilt  edges. 

By  Mrs.  Molesworth. 
Marrying  and  Giving  in  Marriage. 
Price  2s.  6d. 

By  DOROTHKA  Gkrard. 
Orthodox.    Price  6t. 


By  Mat  Kendall. 
*Sucb  is  Life.    Ss. 


By  Mrs.  Oliphant. 

In  Trust.  |        Madam. 

Price  U.  each,  bds. :  1  j.  64.  ea-h,  cloth. 

Ijady  Car.    2t.  6d. 

By  G.  H.  Jesscp. 
Judge  Lynch.    6s. 
GeraJd  Pfrenoh^s  Friends.    Bs, 


By  A.  C.  liOTLR. 
Mioah  Clarke.  Zs.  Cd. 
The  Captain  of  the  Poleatar.  dto. 

By  G.  G.  A.  Murray. 
Gobi  or  Shamo.    &, 


FICTION. 
By  Jamk  Patn. 

The  Luck  of  the  DaneD& 
Thicker  than  Water. 
1«. each,  boards;  U.  M. eaeb,  dotlu 


By  Akthont  Troixopb. 

The  Warden. 

Barchester  TOwen. 
U.  each,  boards ;  It.  Sd.  each,  cloth. 

By  Bret  Harts. 
In  the  Carquinex  Wooda. 

Price  If.  boards ;  1#.  6ci. doUlt 
On  the  Frontier. 
By  Blioro  and  Sedge. 
Price  Is.  each, 


By  Robert  L.  Stevk2CBOX. 
The  bynamiter. 
Strange  Case  of  Dr.  Jekyll  and  Mr. 

Hyde. 
Is.  each,  sewed  ;  Is.  6d.  each,  cloth. 

By  R.  L.  Ste  VENsox  and  L.  Gsboubsb. 

The  Wr«)ne'  Box.    5*. 


By  Eli.na  Lyalu 
The  Autobiography  of  a  "T^MfT, 
__     Price  It.  sewed. 

By  F.  AN8TEY. 

The  Block  Foodie,  and  other  Stosfai. 
Price  '2<i.  bor.rda  ;  5/.  6<f.  doth. 


By  the  autuur  op  Ta£  *  ateubb  du 
Lts.» 
The  Atelier  du  Ly a.    it.M, 
Mademoiselle  Mori.    2s.  6d. 
In  the  Olden  Time.    St.  6<{. 
Hester's  Venture.    2s,  Sd. 

By  Mrs.  D bland. 
John  Ward,  Preacher.    2s,  boards  ; 

'is.  6d.  cloth. 

^_  — — ~"«^— •'^^-~"»— ^— ^ 

By  W.  Hi:nuiE8  Pollocil 
A  Nine  Men's  Morrioe.   6t. 


By  CiirjsTiR  Murray  &  Hy.  Hrr3CAX. 
Wild  Darrie.    6s. 


By  CHRTfiTiE  Murray  «t  Ht.  Mcioat. 
A  Dangerous  Catspaw,     24.  6d» 

By  J.  A.  FuouDB 
The  Two  Cliief^  of  Dunbov.  6t« 

By  Jamf-s  Lakxju 
By  the  Western  Soa.    f»*. 


By  W.  E.  NORBI8. 
Mn.  Penton :  a  Sketch.  6s. 


LONGMANS,  OBEEN,  d^  Co.,  London  and  N«w  Yoik. 
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Stories  of  WleUow.    Fcp.  8to.  9«. 
Mephiitopbelos  in  broadcloth:  a 

Sativo.    Fop.  8vo.  i»» 
Victoria  Beirlna  et  Imperatrix :  a 

Jubilee  fioog  from  Ire^aod,  1887, 

4to.  U.  9d. 


POETRY    AND  THE   DRAMA. 

▲rmitnuig^  (Sd.  J.)  Poetical  Works.    Fop.  870. 8«. 

—  (G.  F.)  Poetioal  Worka  :-^ 
Poemi,  Lyrical  and  Dramatlo.  Fop. 

8TO.81. 

Ugone :  a  Tragedy.    Fcp.  8to.  9s, 

k  Qarland  from  Greece.  Pep.  8  va9<. 

King  SaoL    Fcp.  8to.  U, 

King  DavUL  Fop.  8to.  U. 

Sing  Sdomoii.    Fcp.  8yo.  9i, 
BalladB  of  Booka.    Bditod  by  Andrew  lAng.    Fcp.  870.  U, 
Bowen'a  Harrow  Songa  and  other  Veraea.    Fcp.  8vo.  S«.  6d. 
Bowdltt'a  Family  Shakeapeare.    Hedlam  8vo.  14*.    6  Tola.  fcp.  870. 9U, 
Deland*B  The  Old  Garden,  and  other  Yeraea.    Fcp.  870. 8«. 
Fletcher'a  Cbaraoter  Studies  in  ICaobeth.    Crown     o.  2s,  6d, 
Goethsli  Fsoati  translated  by  Birds     Crown  870.    Fart     ei. ;  Fart  11. 6«. 

^         _     translated  by  Webb.    870.  lit.  6d. 

—  —     edited  by  Selsa.    Oiown  870.  U. 

Hlgginflon*a  The  Afternoon  Laadacape.    Fop.  870. 6«. 

Ingdow'a  Foema.    9  Vola.  fop.  870. 13s. ;  VoL.B,  fop.  870.  ft«. 

«       Lyiloal  and  other  Poema.    Fop.  870.  U,  6dL  olokh,  plaia ;  1$,  okith, 
gilt  edges. 

Kendall's  (May)  Dreama  to  SelL    Fcp.  870.  €j. 
Lang'a  Graas  of  Pamaaatia.    Ftip.  870.  fti. 

Maflanlaj*!  Lay?  of  Andent  Bome.    Tlloairated  by  SohaxL    4to.  lOt.  6dL    Bijoa 
Edition,  fop.  87o.2«.6<2.  PopoIarBdit.,  fcp.  4to.6d.ffwd..l#.  cloth. 

—  Laya  of  Andent  Bome  with  l7Ty  and  the  Anaada.    Illastiated  by 

WegneUn.    Crown  870.  tt.  6d*  gUt  edges. 
Neditt's  Laya  and  Loeemda.    Orown  870. 6«. 

—  LeaTes  of  Lifis.    Crown  870.  6i. 

Newman's  The  Dream  of  Gerontina.    16mo.  <<f.  sewed ;  Is.  doth. 

—  Verses  on  Varions  Oooaaiona.    Fcp.  870.  €j. 

Beadsr's  Voices  from  Fleweriaad :  a  Birthday  Book.    U,  M.  doth,  Zs.  tdU  roan. 

—  Echoes  of  Thought :  a  Medley  of  Verse.    Crown  870.  5«. 

Riley's  Old-Faahioned  Rosea.    Fop.  870.  fix. 

Smith's  (Gregory)  Fra  Angelico,  and  other  short  Poems.    Crown  870.  4s.  $d, 

Sontlwy's  Poetical  Works.    Medium  870. 14s. 

8te7enaon's  A  Child's  Garden  of  Verses.    Fop.  870.  fit. 

Bomner^B  The  Besom  Maker,  and  othex  Country  Folk  Bongs.    4to.  2s.  6d, 

Tomaon'a  The  Bird  Bride.    Fcp.  870. 6«. 


Viignt  JBndd,  translated  by  Coningtom.    Crown  87a.  6«. 
—     Poems,  translated  into  BngUsh  Pnee.    Orown  870^  8s. 

SPORTS   AND    PASTIMES. 

OampbeU-Walkar'a  Correct  Card,  or  How  to  Play  at  Whlat    Fcp.  870.  Si.  6d. 
Focd'a  Theory  and  Prsctioe  of  Archery,  re7ised  by  W.  Butt.    870.  I4i. 
Frands'a  Treatise  on  Fishing  in  all  ita  Branchea.    Post  870.  IS4. 
Longman'a  Cheas  OpeningB.    Fcp.  870.  Ss.  tfd. 

Pol^s  Theory  of  the  Modem  Sdentlilo  (kune  of  WhJit.    Fop.  870.  Is.  td, 
Pioetor's  How  to  Flay  Whist.    Crown  870.  3«.  CdU 

—      Home  Whist    18mo.  U.  sewed* 
Bonalds*s  Fly-Fidier'B  Xatomdogy.   S70.14s. 
WiJoocks'sSsa-Fiaherman.    Font  870.  8«. 

LONaiCANS,  GREEN,  &  CO.,  London  and  New  York. 
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General  Liiti  of  Woiki. 


MISCELLANEOUS   WORKS 

A.  K.  H.  B^  The  BasayB  and  OoatribntionB  of.    Crown  Sra  3«.  Gd. 


▲utimm  HoUdays  of  a  Coimtry  Parson 
Cbanged      ABpects     of      Unchanged 

TrnthB. 
Commoa-Flaoe  Philosopher    in    Town 

aadOonntry. 
Orittcal  Bisays  of  a  Coontry  Farnnn. 
Ooanael  and  Comfort  spoken  from  a 

Cll^Palpit. 
Bast  Coast  Days  and  Memories. 
Graver  Thooghts  of  a  Ooontzy  Parson. 

Three  Series. 
Tiandaoapeii,  Chnrohes,  and  MoraUiieB. 


Leianre  Hoars  In  Town. 

LeaoDs  of  IQddle  Ag^ 

Onr  Homely  Gomedv ;  and  Tngedj. 

Onr  Little  lifei     Bsnys  Oooeolatocy 

and  Domestie.  Twn  Heixlm. 
Present-day  Thonghts. 
Beoreations  of  a  Coontiy  Puaan. 

Three  Series. 
Seaside  Mnsings  on  Snndayr  amdWeek- 

Days. 
Bnnday  ikftamnons   in   the 

Chnroih  of  a  Unlyerstty  Ol|y. 


*  To  Meet  the  Day '  through  the  Christian  Year.    4*.  6d, 
Archer's  ICasks  or  Faces  ?  A  Sfcody  In  the  Psychology  of  Acting.  Cr  iro.Bt.  6d. 
Armstrong's  (Bd.  J.)  Bssays  and  Sketoihet.    Pop.  Sra  u. 
Arnold's  (Dr.  Thomae)  mscellaaeons  World.    8yo  7s.  6cL 
Bagehot's  literary  Stodies^  edited  bf  Hntton.    9  vols.  8to,  S8s. 
Baker's  War  with  Crime.    Beprinted  Papers.    8to.  12s.  M. 
Blue  Fairy  Book  (The).    Edited  by  Andrew  Lang.    Dlnstrated.  Oown  8to.  6f. 
Book  (The)  of  Wedding  Days.    Illustrated  by  Walter  Oane.    4to.  21*. 
Isrrar's lADgnageand  Languages.    Crown  8vo.  6s. 
Henderson's  The  Story  of  Music.    Crown  8to.  6t, 
Huth's  The  Maniage  of  Near  Xin.    Boyal  8to.  S1«. 
Jefferies'  Field  and  Hedgerow :  Last  Essays.    Crown  8to.  6t, 
Lang's  Books  and  Bookmen.   Crown  8to.  <Ks.  6d. 

—  Letters  on  Literature.    Fcp.  8vo.  6*.  dd. 

—  Old  Friends  :  Essays  in  EpistoUiry  Parody.  [In  the  press. 
Lavigerie  (Cardinal)  andUie  African  Slavc-Trade.    8yo.  14s. 

Matthews'  (Brander)  Pen  and  Ink.    Beprinted  Papers.    Crown  8to.  5s. 
Max  Mttller's  Lectures  on  the  Science  of  Language.    S  Tola,  crown  Sva  I<«. 

^        —      Lectures  on  India.   Bra.  12s.  €<l. 

—       —      Biographies  of  Words  and  the  Home  of  the  Aiyas.  Crown  8to.7«.M. 
Bendle  and  Xorman*s  Inns  of  Old  Southwark.    Dlnstrated.    Boyal  8vo.  88s. 
Wendt's  Papers  on  Maritime  Legislation.    Royal  8vo.  £1.  lU,  Sd, 

WORKS    BY    MR.    SAMUEL    BUTLER. 


Op.  1.  Erewhon.    &>. 
Op.  2.  The  Fair  Haven.    7*.  6<i. 
Op.  3.  life  and  Habit.    7s.  M, 
Op.  4.  Evolution,   Old    and   New. 
10s.  6d. 

Op.  6b  Unoonadons  Memory.  7s.  M. 


Op.  6.  Alps  and  Sanctuaries  of  Pied- 
mont and  the  Canton  Ticino. 
10s.6<f. 

Op.  7.  Selections  from  Ops.  1-6. 7#.  6d, 

Op.  8.  Luck,  or  Canning.    7«.  6d. 

Op.  9.  Bz  Veto.    10s.  6(2. 

Holbein's  <  La  Danse.'    Ss. 


WORKS    BY    MRS.    DE   SALIS. 


Cakes  and  Confections.    Is.  6d. 
Bntrtes  k  la  Mode    Fop.  Svo.  Is.  M. 
Qtaae  and  Poultry  4  la  Mode.    Is.  6d. 
Oysters  4  la  Mode.    Fop.  8yo.  Is.  6d. 


Soups  and  Dressed  Flah  4  la  Moda, 

lop.  8vo.  Is.  6cL 
SweetBlK8npperDishM41aModa.U.«4. 
VefNtabIee41aMode.   1>bp.8To.lJLM. 


Puddings  and  Pastry  4  la  Mode.  Is.  6(2.    Wrinkles  and  Notions  for  Every  House- 
Savomrtaa  4  la  Mode.    Fop.  8to.  Is.  hold.    Crown  8vo.  2c  9d 

LONGMAKS,  GBEEN,  (k  GO.,  London  and  New  Yozk. 


flenonJ  Liiti  of  Works. 


15 


\ 


MEDICAL   AND   SURGICAL  WORKS. 

Ashby^NotesonPhysioIoarTfbrtheUmaf  Stadttnts.  134I]lTWti»tioKi&  I8mo.8«. 

Ashliy  and  Wright's  The  Dieauet  of  Children,  Medical  and  SnrgloBl.    8vo.  Slf. 

Baifcer's  Short  Manual  of  Sorgtcal  Operations.  With  61  Woodcuts.  Cr.  8to.  12«.  Bd, 

Bennett's  Cllnioal  Lectares  on  Yaricose  Vdns.    8vo.  6<. 

Bentl^B  Text-book  of  Organic  Materia  Medica.  6S  lUostaratlons.  Cr.  8toi  7<.  64. 

00818*3  Manual  of  Pathology.    With  8S9  niustrationa.    8to.  Sl<.6<l. 

Gooke'i  Tftblets  of  Anatomy.    Post  ito.  7«.  6d. 

Dickinson's  Kenal  and  Urtnary  Affections.    Complete  In  Three  Farts,  8to.  with 
13  Plates  and  US  Woodcuts.    £3.  4«.  6<i,  cloth. 

—         The  Tongue  as  an  Indication  of  Disease.    8vo.  Is.  9d, 

Brichaen's  Science  and  Art  of  Surgery.    1,025  Engravings.    S  vols.  8yo.  i8«. 

—  Ooncoflsion  of  the  Spine,  &a    Crown  Syo.  10«.  $d, 

Gairdn«  and  Coats'S  Lectures  on  Tabes  Mesenterica.  28  Illustrations.  8TO.12i.6d. 
Garrod*B  (Sir  Alfred)  Treatise  on  Gh>ut  and  Rheumatic  Oout.    8to.  21«. 

—  —        Materia  Medica  and  Therapeutica.    Crown  8vo.  12«.  64. 

Oarrod*8  (A.  O.)  Use  of  the  Laryngoscope.    With  Illustrations.    8va  Zg.  U, 
Gray's  Anatomy.    With  M8  lUnstrationa.    Boyal  8yo.  86«. 
HaasalTs  San  Bemo  Climatically  and  Medically  Considered.    Croivn  8to.  64, 

—  The  Inhalation  Treatment  of  Disease.    Crown  8yo.  li».  6<f. 
Hewitt's  The  Diaeaaea  of  Women.    With  211  EngraTlngs.    8to.  Sw. 
Holma^a  System  of  Surgery.    8  vola.  royal  8to.  £4.  U. 

Ladd*B  Blements  of  Physicdogical  Psychology.  With  118  lUnstrations.  8vo.  21«. 
Little's  In-Knee  Distortion  (Genu  Valgum).  With  40  niuatrations.  8yo.  7c  Bd, 
LiTeing*s  Handbook  on  Dia^ues  of  the  Skin.    Fcp.  8to.  tt, 

—  Kotes  on  the  Treatment  of  Skin  Disearca.    18mo.  Zs, 

—  ElepbantlaaiB  Gtaeoorum.  or  True  Leprosy.    Crown  8yo.  4m.  6d. 
Longmore's  The  Dlustrated  Optical  Manual.    With  74  Dlustrationii.    8to.  14f . 

—  Gunshot  Injuries.    With  68  Illuatrationa.    8vo.  81«.6d. 
Mitohell'a  Diaaolntion  and  Bvolotion  and  the  Science  of  Medicine.    8to.  19s, 
Munk's  Bnthanasia ;  or,  Medical  Treatment  in  Aid  of  an  Ea^  Death.  Cr.  8vo.  4f .  6d. 
Murchison's  Continued  Feren  of  Great  Britain.    8yo.  28<. 

—  Diaeaaaa  of  the  Liver,  Jaundice,  and  Abdominal  Dropsy.    8yo.  9iM, 
Owen'a  Manual  of  Anatomy  for  Senior  Students.    Crown  8vo.  12«.  6</. 
Figet's  Laoturea  on  Snrgloal  Pathology.    With  131  Woodouta.    870.  21«. 

—     Cninical  Lectnres  and  Eaaaya.    8to.  l&f. 
Qnain's  (Jones)  Elements  of  Anatomy.  1,000  ninstrations.  9  vols.  8  vo.  18«.  each . 

Qaaln's  (Dr.  Richard)  Dictionary  of  Medicine.  With  138  Dlnstratlona.  1to1.8vo. 

81«.  6i.  doth,  or  40$,  hall-mssia.    To  be  had  also  in  2  vols.  84«.  doth. 
Salter'a  Dental  Pathology  and  Surgery.    With  188  Illnatrations.    8vo.  18«. 
Sdilifer's  The  Essentials  of  Histology.    With  283  Dlustrations.    870. 6«. 
Smith's  (H.  P.)  The  Handbook  ^r  Midvdves.    With  41  Woodcuts.    Cr.  8yo.  b. 
Smith'a  (T.)  Manual  of  Operative  Surgecy  on  the  Dead  Body.  46I11ub.  8vo.12«. 
West's  Lectures  on  the  Diaeaaea  of  Infknoy  and  Childhood.    8Ta  18«. 
—     The  Mother's  Manual  of  Children'a  Diseaaea.    Fop.  8vo.  2«.  M, 
Wilks  and  Moxon's  Lectures  on  Pathological  Anatomy.    8vo.  18«. 
Williama^a  Pulmonary  Consnmptlon.   With  4  Plates  and  10  Woodouta.  8vo.  16f . 
Wright'a  Hip  Disease  In  (Childhood.    With  48  Woodonts.    8vo.10j.6d. 


LONGlliNS,  GREEN,  4c  00.,  London  and  New  Tork. 


